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Abstract
Magneto optical studies o f colloidal PbS nanocrystals (NCs) have been undertaken 
to determine their fundamental properties. Measurements including absorption, 
photoluminescence (PL) and PL lifetime decay are presented along with their 
dependence upon temperature, magnetic field, and magnetic dopant concentration 
for undoped and doped PbS NCs. Temperature dependence o f undoped PbS NCs, 
recorded from 300 K down to 3 K, displays a Stoke shift increasing from ~75 meV 
to -125 meV which is fitted using a three-level rate equation model, supported by 
PL lifetime decay measurements, that indicate energy separation of -6 .0  ± 0.3 meV 
between the two optically active levels within PbS NCs.
Magneto optical studies o f undoped PbS NCs at low temperature using a field 
sweep from -7 Tesla to 7 Tesla are presented. Analysis of the magneto-PL data 
yields a degree o f circular polarization (DCP) o f -33%  at 7 T and 2 K. Further 
analysis predicts an excitonic g-factor, gex for the -4  nm diameter PbS NCs of 
-0.54 by taking account of random orientation of PbS NCs. Using this value o f gex 
the expected Zeeman splitting at 7 T , AEzeeman, is calculated to be -  0.22 meV.
Optical studies of PbS NCs with TTF/TCNQ molecule showed modification o f the 
PL spectra and PL lifetime. It is proposed that the quenching effect on the PL of 
PbS-TTF in the range o f 900 nm to 1300 nm is due to a charge transfer mechanism. 
The PL obtained from PbS-TCNQ solutions display a second emission peak centred 
at -700 nm which is directly related to the TCNQ concentration.
A study of the optical properties o f Mn-implanted PbS NCs was undertaken and 
compared with that of undoped PbS NCs. The PL spectra of all Mn-implanted PbS 
NCs showed a significant red shift o f the PL peak compared to undoped PbS NCs. 
Based on fitting of a Brillouin function to the difference in the temperature 
dependent Stokes shift between the Mn-implanted and undoped PbS NCs an 
effective exchange field o f -81 T is predicted.
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CHAPTER 1
Introduction
1.1. Semiconductor Nanocrj^stals
Semiconductor NCs are one of nature’s unique materials, able to display atomic like 
behaviour lending them to use in a variety of applications where these properties 
can be exploited. Nanocrystals (NCs) can be defined as any material containing 
single crystals or being single crystal with dimensions of below -100 nm.[l] The 
significant technological interest in them stems fi*om their electrical and 
thermodynamic properties displaying strong size dependence and can therefore be 
controlled through careful manufacturing processes.
The research era of semiconductor NCs began in the 1970s when semiconductor 
devices incorporating two-dimensional structures called ‘quantum wells’ were 
developed.[2] A semiconductor quantum well is fabricated by a 2D layer o f a 
semiconductor sandwiched between another semiconductor material with a higher 
valence to conduction band energy separation. [3] After decades of research into the 
properties of quantum wells and superlattice structure properties during the late 
1980s research began to shift towards material structures with lower dimensionality
named ‘quantum wires’ [4] and ‘quantum dots’ [5]. The reduction in dimensionality 
of structures to create 3D confinement o f charge carriers resulted in the creation of 
quantum dots displaying the above mentioned atomic-like properties.
Reed et al [6 ] from Texas Instrumental Incorporated were first to achieve quasi­
zero-dimensional quantum dots in which complete quantization o f the electron free 
motion was observed. The quantum dots reported by Reed et al were square in 
nature with a length of -250 nm produced using lithography and etching process. 
Much smaller quantum dots with dimensions of around 30-45 nm were reported 
soon after by AT&T Bell Laboratories and Bell Communications Research 
Incorporated. [7]
The interest of researchers in these materials continues today with much research 
focusing on the study of their optical and electronic behaviour. Studies show that 
quantum dots may absorb and emit light in a very narrow spectral range which if 
controlled, for instance by an applied magnetic field, may soon find application in 
the construction more efficient and precisely controllable semiconductor lasers. One 
of the main streams o f NCs research is focused towards lasing devices [8-10] with 
NCs providing the potential to largely extend the tunability o f emission wavelengths 
by varying the NC size. An important parameter for laser device operation is 
temperature which can directly affect the threshold current of lasing and the 
emission wavelength. It is proposed that by using NCs a lasing device with a very 
low threshold current, and which would be insensitive to temperature, can be 
achieved by blocking the parasitic recombination outside the NC.[10] Another 
potentially important application of ensemble PbS NCs uses their ability to display 
broad emission in the infrared region around 1.3-1.5 pm which is interesting for 
telecommunication applications [11]. The ability to directly control the optical 
bandgap, and hence the absorption and emission properties o f these materials, has 
been used to demonstrate a number of devices including light emitting diodes, [1 2 ] 
photovoltaic devices, [13, 14] photodetectors, [15, 16] laser, [17] as biological 
fluorescence labels [18] and as components in molecular electronics.[19]
1.2. Magneto Optical Studies of Nanocrystals
Following the prediction that Moore’s law, the approximate doubling o f the number 
o f transistors on a chip every two years, will end as the scaling reduces size to nano­
scale dimensions, significant research has been undertaken to find a ‘beyond 
Moore’ solution. Apart from incremental improvements in existing technologies and 
processes, new technologies have been proposed that would allow a step change in 
performance including that of spintronics. With the ability to control the electronic 
bandgap and confinement energy by adjustment of size, NCs are an attractive 
potential material to achieve the goal of controlling or altering the electron spin 
using either internal (e.g. doping with magnetic impurities) or external magnetic 
fields. The realisation o f new synthetic methods to incorporate such magnetic 
dopants (e.g. Mn^^, Eu^\ Co^^ into NCs, known as diluted magnetic semiconductor 
(DMS) in bulk systems, has accelerated research into understanding the effect of 
magnetic fields upon NC electronic properties. Such studies, in addition to 
increasing basic understanding o f these systems, could eventually lead towards 
finding of applications for NCs in areas such as spin-photonics [20-22], phosphor 
technologies [23, 24], optical labels [25-28], and solar energy conversion.[29, 30]
The recent history o f magneto optical studies o f NCs starts in the early 1990s were 
studies of NCs optical and electronic behaviour became of significant interest. [31, 
32] At this time however the focus of the studies was typically confined to II-VI 
(CdS, CdSe, ZnS, ZnSe) [33, 34] and III-V (GaAs, InSb, InAs) [35, 36] groups as 
opposed to the lead (Pb) chalcogenide (S, Se, Te) NCs used in this study. Much of 
the early work on undoped NCs focused on understanding the electronic and optical 
properties o f NCs. Only more recently has interest emerged into the study o f their 
magneto optical properties and the effect of magnetic dopants on these. These 
highly promising results support the belief that by controlling and altering the 
properties o f semi-magnetic NCs may lead to enhanced ability to detect and 
manipulate individual spins in future spintronic devices.[37, 38] It is also clear that 
detailed magneto optical studies of NCs are required to more fully understand the
nature of exciton confinement and fine structure. [39] As such studies often require 
the use o f low temperatures it is also of importance to understand the temperature 
dependence o f the NC properties. These studies allow for example improved 
measurement o f exciton g-factors, gex,[^0 ], allow for any physical alteration or 
anisotropy o f the NC size and shape to be considered [41], and also the effect o f 
local and external electric fields. [42]
The magneto optical studies o f undoped lead chalcogenide NCs have recently been 
reported, initially focusing on PbSe but following on to study PbS NCs.[43] With 
regard to PbS NCs Turyanska et al presented studies o f magneto- 
photoluminescence at high magnetic fields (up to 30 T) which resulted in a 
measured degree of circular polarization (DCP) of 25-30%.[44] Modelling of the 
temperature and size dependent DCP revealed values o f the exciton g-factor, gex, 
-0.1 to 0.3. Magneto optical studies ofPbSe NCs by Schaller et al found gex to be in 
the range of 2-5, again based on modelling o f the DCP which reached 10% at 15 T. 
Schaller et al also reported that the un-polarized PL lifetime of PbSe NCs decreased 
with applied magnetic field as the degree of mixing between the singlet and triplet 
state exciton level is increased. [40, 45] The group of Tischler et al, also studying 
magneto-PL o f PbSe NCs, presented data and modelling predicting the g-factor of 
electrons and holes respectively areg e = \.2 ±  0.1 andgh = 0.8 ± 0.1.[46]
As magneto optical studies of doped lead chalcogenide NCs started to draw interest, 
in other chalcogenide NCs (e.g. CdSe) attention has evolved to include the study o f 
magnetically doped NCs. Beaulac et al working with Mn^ "^  doped CdSe 
demonstrated giant Zeeman splitting in absence o f magnetic field. They found that 
via an internal exchange field alignment of the Mn^^ spins can be achieved at zero 
applied external field and up to temperatures o f -  50 K.[47] This is also o f interest 
to those working on the lead chalcogenide systems where enhanced quantum 
confinement may provide unique behaviour further to that reported in other NC 
systems.
Early reports of the synthesis of Mn-doped PbS NCs were provided by Silva et al 
who demonstrated the formation o f Mn-doped PbS NCs within borosilicate glass 
matrix.[48, 49] The incorporation o f Mn^^ ions within the PbS NCs was supported 
by EPR spectroscopy which showed the six hyperfme levels expected and a 
dependence upon Mn doping concentration ranging from 40% to 0.5%.[48, 50] 
However no significant magneto optical results were shown by this group. More 
recently reports of circularly polarized magneto-PL studies on Mn '^^ doped PbS NCs 
has been published by Long et a/. [51] It is significant that these NCs were doped 
during the synthesis thus are free to be utilised in devices and studied independently 
o f any host material. In these systems a DCP o f 40% was recorded at a temperature 
o f 7 K and applied magnetic field o f 7 T. Interestingly, the DCP recorded in the Mn- 
doped NCs was of the opposite sign to that obtained from undoped NCs which was 
attributed to exchange interaction carrier-dopant which enhance valence and 
conduction band.[51]
1.3. Thesis Motivation and Objectives
The motivation for the research in this thesis is to provide the foundations for a 
longer-term route towards demonstrating an efficient electrically pumped laser 
based PbS NCs systems. Such a laser based on PbS NCs would have significant 
potential due to their broadly tunable emission cover range at NIR (800 nm to 1600 
nm) which includes the telecommunications range. The relatively high quantum 
efficiencies (up to 40%) and long excited state lifetime (in the ps range) o f PbS NCs 
suggest achieving population inversion should be possible. However, in order to 
achieve this, there is a further obstacle for PbS NCs that must be addressed as the 
electronic states are found to be 8 -fold degenerate (including spins) thus achieving 
population inversion is frustrated.
This thesis work was focused on investigating potential ways to decrease the PbS 
NCs ground state degeneracy level by using the Zeeman Effect. This method can be 
achieve by either studying undoped PbS NCs optical properties in the presence o f an 
applied external magnetic field or potentially via doping the NCs with magnetic 
impurities such Mn^^ ion to increase the internal exchange field. We assumed that in 
order for this to happen it required Zeeman splitting, Ezeeman > ksT. Upon 
approximation at room temperature undoped PbS NCs will require energy -26  meV 
for splitting to occur. These require a very high magnitude of external magnetic 
field (few hundred Tesla) to achieve such splitting energy. Thus, in order to observe 
full potential magneto optical behaviour of undoped and doped PbS NCs the low 
temperature studies need to be taken which increase the magnetic effect upon NCs.
Some o f the main properties that have to be determined to assess if  this approach is 
viable are:
• The temperature dependence o f the optical properties in undoped and doped 
PbS-NC systems
• The magnitude of the Zeeman splitting that can be achieved in undoped PbS 
NCs
• The feasibility and effectiveness to dope PbS-NCs with Mn^^ ions by using an 
ion beam implantation technique
• To determine the potential to obtain energy level splitting via alignment o f the 
Mn^^ dopant ion spins.
• To explore alternative routes for creating delocalised states within the NCs to 
align dopant ion spins.
In this thesis the criteria above will be addressed via magneto optical and 
temperature dependent studies of the optical properties of undoped and Mn- 
implanted PbS NCs.
1.4. Thesis Outline
The thesis consists of 6  main chapters with each o f them related to achieving the 
objective o f this research:
Chapter 2 reviews the fundamentals o f semiconductor NCs with a focus on the lead 
chalcogenide systems. In particular the physical and optical properties o f PbS NCs 
are compared to those o f the bulk system. Furthermore, some fundamentals o f 
energy transfer mechanisms including those o f Forster and Dexter charge transfer 
are provided. Next the chapter focuses on the optically and charged induced 
magnetism. In doing so the potential of diluted magnetic semiconductor (DMS) 
NCs as a future spintronic material is briefly discussed.
Chapter 3 gives a description o f the experimental methods used during this study 
including temperature dependent optical absorption, photoluminescence (PL) and 
PL lifetime decay and also in the presence o f an applied external magnetic field. 
Also discussed are the methods used to produce doped PbS NCs (ion implantation) 
and characterise them by electron paramagnetic resonance (EPR) and transmission 
electron microscopy (TEM).
Chapter 4 describes detailed studies o f the temperature dependence o f the optical 
properties of undoped PbS NCs covering the temperature range from 300 K to 3 K. 
The optically studies include absorption, PL and PL lifetime as a function of 
temperature. The temperature dependent optical studies showed a redshift o f the 
first excitonic absorption and PL peak as temperature is reduced from 300 K to 3 K. 
The temperature dependent PbS NCs Stokes shift at 300 K is measured to be ~ 75 
meV and reduces to ~ 130 meV at 125 K below which it remains constant until at 
very low temperature (3 K). Furthermore it is shown that a three-level system can be 
used to model the observed behaviour which leads to a prediction that the separation 
between these two optically active states is around -6 .0  meV and close to the 
exchange splitting expected in the these systems.
Chapter 5 addresses the effect of an external magnetic field on the optical properties 
presented in chapter 4. In particular, polarised magneto optical studies are reported, 
again as a function of temperature, at applied fields in the range o f -7 T up to 7 T. 
The analysis of these results includes measurement of the degree o f magnetic 
circular dichroism (MCD) and degree o f circular polarized (DCP) emission. Using 
the experimental data from these studies, modelling is performed to extract 
fundamental parameters including the exciton g-factor.
Chapter 6  explores the potential to use charge transfer from NCs to ligands in order 
to achieve a charged state which may be reversibly controlled using light. The 
optical properties o f PbS NCs in solution containing varying concentrations o f the 
donor and acceptor molecules tetrathiafulvene (TTF) and tetracyanoquinodimethane 
(TCNQ) are presented. These optical studies indicate that it is possible in the future 
to achieve induced magnetism by creating delocalised charged states using charge 
transfer mechanism between magnetically doped NCs and organic material as donor 
or acceptor.
The final results presented in chapter 7 focuses on optical studies o f Mn-implanted 
PbS NCs as a function temperature. By the time these experimental studies carried 
out, achieving chemically magnetic doped PbS NCs were difficult thus as 
alternative ion implantation mechanism was choose. The magnetic doped NCs were 
created by using an ion beam implantation mechanism with EPR and TEM being 
used to identify and clarify the potential existence o f Mn incorporated within PbS 
NCs. These Mn-implanted samples were again studied for their temperature 
dependence and compared to the results presented in chapter 4 for the undoped 
system.
CHAPTER 2 
Introduction to Semiconductor 
Nanocrystals
In this chapter the fundamentals of bulk and confined semiconductor NC systems 
are briefly reviewed. In particular, a focus on the distinct properties o f the lead 
chalcogenide semiconductor systems is provided including their optical and 
electronic properties.
2.1. Introduction of Semiconductor Nanocrystals
Significant research into the semiconductor NCs began in the late 1980s where 
studies on areas such as synthesis, structural characteristic, electronic, optical and 
thermodynamics properties have been taken. [5, 52] The ability to control the 
composition and size o f semiconductor systems directly lead to control o f the 
electronic confinement energy and thereby tunability o f the optical processes
including emission. This resulted in applications for these systems that include 
lasers [9] and single electron transistors [53] amongst many others. Moreover these 
materials opened up new possibilities to measure and utilise novel properties 
resulting from quantum confinement which previously could not be accessed.
A semiconductor can be defined as a material that displays electronic behaviour 
between that of a conductor and an insulator. Such materials possess a bandgap, in 
between which there are no allowed energy states for electrons, which is non-zero 
(e.g. not metallic) but less than - 3 . 5 - 4  eV (above which it becomes an insulator). 
Common semiconductors are typically crystalline solids (e.g. Si, Ge, GaAs), 
although liquid forms may exist (e.g. Mixture of As, Te, Se) along with solid 
amorphous phases (a-Si, a-Ge, AS2S3).
Through the use o f an external stimulus, such as application o f a potential difference 
or an incident photon flux, the electrical conductivity within a semiconductor can be 
altered. Thus this makes semiconductors good materials for active electrical and 
optical applications where a response to such stimuli can be utilised. In bulk 
semiconductors, electrons may have a range of energies as determined by the band 
structure. The highest energy state in which electrons are normally found is known 
as the valence band which the next highest state, usually unoccupied, being the 
conduction band. It is the energy separation between these which is named the 
bandgap as mentioned above. The precise nature of the semiconductor bands is 
related to the periodic arrangement o f the constituent atoms (and therefore the 
electronic potential in which electrons move) which is modelled using Bloch waves 
and covered in solid state physics textbooks as standard material and therefore not 
reproduced herein.[54] This periodic arrangement o f atoms also leads to the concept 
of the unit cell which consists o f the smallest unit o f atoms that may be repeated to 
produce the bulk material. There are seven different such crystal systems that lead 
to 32 crystal classes (known as point groups) again which are well covered in the 
standard texts.[55, 56] These unit cells are represented in reciprocal (momentum) 
space as Brillouin zones in which when using the Bloch wave treatment all solutions 
to the energy of electrons can be found. If  the energy maximum of the valence band
10
and minimum of the conduction band is found at the same point in reciprocal space, 
the semiconductor is known as a ‘direct’ bandgap material as a photon o f energy 
equal to the bandgap is able to excite an electron across it. Where the respective 
maximum and minima are found at different points in reciprocal space, a photon is 
not able to excite an electron as the change in momentum required cannot be 
provided by the photon alone (a phonon is required in addition). Such bandgaps are 
therefore referred to as ‘indirect’ bandgaps. Figure 1 shows a schematic o f a direct 
and indirect bandgap material along with the Brillouin zone o f lead chalcogenide 
semiconductors that are the focus of this study. The bandgap of most 
semiconductors is affected by factors which include temperature, pressure and the 
presence of impurities. When semiconductors are doped with donor or acceptor 
impurities, an impurity energy level may be introduced within the bandgap.
\ / ConductionR a n /4
Photon
Emission
Phonon
Emission
/
\ j  Conduct! . /  BandW
V PhotonEmission
Valence
Band
Direct bandgap
Valence
Band
Indirect bandgap
Figure 1 : Diagram of direct and indirect bandgap and fee Brillouin zone taken from [57]
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2.2. Quantum Confinement in Semiconductor Nanocrystals
A semiconductor NCs is formed when all 3 spatial dimensions are reduced in size to 
become comparable to the de Broglie wavelength (X = hip = (Plank Constant) / 
(momentum)) of the electrons in the valence band. In this situation the allowed 
energy o f electrons in the material becomes quantised similar to that found in the 
classic model o f particle in a box used to introduce quantum mechanics to 
students. [5 8] The resulting effect when 3D confinement is introduced is to yield 
atom-like density of states (allowed electron energies) which is why semiconductor 
NCs are often referred to as quantum dots or artificial atoms. This size dependence 
o f the electronic energy levels is what provides the tunability o f the NC properties.
For a given NC size the level of electronic confinement is often judged by referral to 
the excitonic Bohr radius of the material. Following the excitation o f an electron to 
the conduction band a positive ‘hole’ is found in the valence band. These charges 
will be coulombically attracted to each other and together form a neutral quasi­
particle called an exciton. In bulk semiconductor materials the Coulomb attraction is 
reduced by the relatively large dielectric constant and thus the attraction is 
weakened. The excitonic Bohr radius is an average measure o f the distance between 
the electron and hole in the bulk and is defined as Equation 2.1: [59]
4 n S o € r h ^  p i  , I t
^"uation 2.1
where Co and Cr are related to absolute and relative dielectric constants o f the 
material, respectively, rrio is the rest mass of the electron, e is the fundamental 
electronic charge, and and m% are the effective mass of the electron and the 
hole, respectively. The electron and hole masses for PbS are comparable and 
relatively small (m%(A) ~ 0:08 mo), where mo is the electron mass in vacuum. Table 1 
below shows the typical exciton Bohr Radius for commonly used bulk 
semiconductors.
12
Table 1 : Energy gap and exciton Bohr radius for bulk semiconductor materials
Material Energy gap (eV) at 
room temperature
exciton Bohr radius (aB) 
(nm)
Silicon 1.11 4.9
Germanium 0.67 24.3
GaAs 1.43 9.7
InAs 0.36 34
CdSe 1.73 6
CdS 2.42 9
PbSe 0.27 46
PbS 0.41 20
As can be seen from Tabled, a 20 nm diameter NC is therefore much larger than the 
excitonic Bohr radius o f Si and therefore will not be expected to display strong 
quantum confinement as the electron and hole are able to move in a similar way as 
to if  it were a bulk semiconductor. However, for the case of PbSe the electron and 
hole are strongly confined within the NC and therefore will experience a stronger 
attraction than would be the case in the bulk when they would naturally be found 
further apart.
2.3. Lead Sulphide (PbS) Semiconductor: Comparison of Bulk and 
Nanoerystal Forms
2.3.1. Properties of Lead (Pb) Chalcogenide Semiconductor
The lead (Pb) chalcogenides (materials that have S, Se and Te as a major 
constituent) remain one o f the basic materials o f modem infrared optoelectronics, 
they can be prepared using a simple method and can be doped with a number of 
elements providing another advantage for lead chalcogenide semiconductors. The
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bulk (direct) bandgap at liquid helium temperature for PbS, PbSe and PbTe are 
0.287 eV, 0.172 eV and 0.19 eV, respectively [60], all within the mid infrared 
region. Meanwhile at ambient room temperature much higher bandgap for lead 
chalcogenide were reported that are 0.41 eV for PbS, 0.27 eV for PbSe and 0.31 eV 
for PbTe.[60]
The crystal structure of the lead chalcogenides is that of rock-salt consisting of two 
interpenetrating face-centred cube (fee) arrangements of the Pb and chalcogenide 
elements (Figure 2). Bulk lead chalcogenides material has a high relative dielectric 
constant where for PbS Sr(0) = 169 and Gr(oo) = 16. [61] The lattice constant 
obtained from X-ray diffraction measurements is found to vary monotonically with 
PbS (5.94 À), PbSe (6.13 À) and PbTe (6.46 À).[62] Furthermore similar 
experiments measured the density to be 7.6, 8.3, and 8.2 g/cm^ for PbS, PbSe and 
PbTe, respectively.[63] Table 2 shows various parameters for the bulk lead 
chalcogenides.
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Figure 2: The rock-salt crystal structure
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Table 2: Lattice Parameter for lead chalcogenides
Param eter PbS PbSe PbTe
Lattice Constant a, A [60] 5.94 6.12 6.46
Density g/cm^ [63] 7.6 8.3 8.2
Relative Dielectric Constant, e>{0) [61, 63] 169 204 414
Relative Dielectric Constant, [61, 63] 17 23 33
Energy Gap, Eg (eV) [60, 63] 0.41 0.27 0.31
2.3.2. Bulk PbS System
The discussion above relates to the general properties o f lead chalcogenide 
semiconductors. We will now focus specifically on the PbS system starting with its 
bulk semiconductor properties.
Figure 3 above shows the band structure of bulk PbS semiconductor. The bandgap, 
Eg = QA\ eV, occurs at the L point of the FCC Brillouin zone (see Figure 1). This 
results in the optical properties of bulk semiconductor PbS displaying absorption 
and emission in the mid-infrared region (0.41 eV = 3 pm). An absorption coefficient 
of 10 cm'^ to 10  ^cm'^ has been reported with the direct energy transition at 0.42 eV 
accompanied by an indirect transition at 0.37 eV and a radiative lifetime recorded o f 
around 63 microseconds at 300 K.[64] The absorption spectra o f bulk PbS also 
displays a long tail near the absorption edge often attributed to defect states and 
indirect transitions.[65, 66]
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LU
Figure 3: Band structure of PbS bulk semiconductor along high symmetry direction of 
Brillouin zone as found in[61]. The blue arrow indicates the bandgap which is found at the 
L-point.
The bandgap of bulk PbS is found to be temperature dependent as for the majority 
of semiconductor materials. In bulk materials the temperature dependence 
coefficient of the bandgap, dEg/dT, has contributions from lattice thermal expansion 
and electron-phonon interactions. Thermal expansion is directly related to a change 
in volume thus in dense materials the effect o f thermal expansion is normally small. 
Electron-phonon coupling can be divided into two contributions originating from 
intraband and interband coupling. Intraband coupling arises from phonon coupling 
between like-carrier (degenerate) states and has a negative dEg/dT coefficient. The 
narrow bandgap of bulk PbS semiconductor leads to an expectation that its
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coefficient dE /d T  should be small to the degree that is almost equal to zero. 
Reported values of d E /d T  in bulk PbS are around 500 peV/K .[67] Contributions to 
this from the lattice dilation has been measured amounts to -340 peV/K.[67] It has 
also been reported that interband coupling term gives a contribution o f -  150 
peV/K. [67]
All inorganic particle or powder substances exhibit magnetic phenomena in the 
forms o f diamagnetism, ferromagnetism or paramagnetism at any given 
temperature. The ability of a material to become magnetised when an external 
magnetic field is applied is given by its magnetic susceptibility (%). The magnetic 
susceptibility of bulk PbS in the form of natural galena crystals and in the form of 
crushed powder is found to be 93.3x10“  ^gm.mol. (in e.m.u.) and 81.8x10"^ gm.mol, 
respectively.[68] Paramagnetic doping (using Mn^^, Fe^^ and etc.) in wide band-gap 
II-VI and III-V compounds has been largely explored in order to tailor their 
physical properties both in bulk and nanostructures. The effect of paramagnetic 
doping in lead salts (PbS, PbTe, and PbSe) is to strongly modify their electronic and 
magnetic behaviour. The presence o f magnetic ions leads to deviation of the lead 
chalcogenide system from the free carrier behaviour through sp-d  exchange 
interaction between the localized carriers and itinerant carriers.[68]
2.3.3. Confined PbS Systems
As the size of a PbS semiconductor NCs is reduced so that quantum confinement of 
the electronic charges takes place, the electronic properties are altered. In this 
regime the de Broglie wavelength of the electron is comparable with the NC size. 
As a result of these “geometrical” constraints, electrons “feel” the presence o f the 
particle boundaries and respond to changes in particle size by adjusting their energy. 
This phenomenon is known as the quantum-size effect
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Figure 4: Bandgap and energy levels o f bulk and nanocrystals semiconductor.
Figure 4 shows schematically the different nature of the electronic energy levels in 
the bulk and confined crystal for PbS. It can be seen that the allowed energy states 
in the NC become discrete in line with the results of applying the Schrodinger 
equation to the ‘particles within a box’ problem introduced to undergraduate 
students. This confinement produces a widening o f the PbS bandgap from -0.41 eV 
in the bulk to -1.1 eV in a 4 nm diameter NC.
As for the bulk the dominant contributions to the temperature variation of the 
energy gap of a NC come from the lattice dilation, electron-phonon coupling, and 
mechanical strain. The effects of lattice thermal expansion diminish as the size of 
the structure decreases because the NC energy levels are determined more by the 
size of the structure rather than by the lattice constant. The effects of electron-
phonon coupling on the energy levels can be calculated with perturbation 
theory. [69] The contribution to dEg/dT from interband electron-phonon coupling 
decreases with decreasing size simply because the energy separation between the 
quantum-confined energy levels increases. Furthermore, NCs which consist of a 
core/shell structure will experience mechanical strain when temperature changes 
due to mismatch of the thermal expansion coefficient of the core and shell materials.
2.4. Fundamental Properties of PbS Nanocrystals
2.4.1. Electronic and Optical Properties of PbS Nanocrystals
Knowledge of the electronic properties of PbS NCs is important in order to 
understand the fundamental behaviour, especially in highly confined systems. The 
electronic structure of NCs determines the interaction between the ground state and 
excited charge carriers. The electronic properties of PbS semiconductor NCs has 
been described by Kang et al [70] where the use of a hyperbolic-band model, in 
which non-parabolicity o f the band-structure is considered, and found to accurately 
explain the lowest exciton energy state in PbS NCs. Using this model the energy o f 
the lowest excitonic state in NCs is given by:
£■ =  [ £ |  +  2ft^ Eg ^ ] 2  Equation 2.2
Where Eg is the bandgap of the bulk crystal, is the effective mass o f electron in 
NCs, h represent Plank constant over In  and R is the NCs radius. The density of 
states (DOS) describes the number of allowed energy states per unit volume that a 
charge carrier may occupy. Figure 5 below shows a confinement effect toward DOS 
of semiconductor structure.
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In the spherical nanocrystals, this quantum confinement leads to a series of electron 
and hole states with the label p, d  and /  etc. similar to those found in solving the 
Schrodinger equation for the hydrogen atom. The symmetry of NC atomic lattice 
determines the degeneracy of these quantum confined states. In lead chalcogenides, 
with a rock-salt lattice structure, a 4-fold degeneracy is found which is higher than 
that found in other nanocrystals with wurtzite or zinc blende lattices. When spin is 
considered this results for PbS NCs in an 8-fold degeneracy where 8 electrons can 
be found accommodate in the 1 s states.
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Figure 5: Illustration of material size and it relation to density of states (DOS) 
semiconductor taken from [71].
Kang et al also calculated the electronic structure of NCs assuming that the 
wavefunetion is forced to zero at the NC boundary. [72] Using this envelope 
function they then were able to predict the DOS, wavefunetion, dipole transition 
strength and also the selection rules for optical transitions. Using Equation 2.2 it is 
found that for a PbS NCs diameter of ~3 nm, the bandgap energy is 2 eV which is 5 
times more than that of the bulk.[69] Figure 6 shows how the bandgap varies with
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NC diameter according to Equation 2.2, clearly showing that the electronic 
properties of PbS NCs are dominated by effect of quantum confinement.
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Figure 6: Measured (symbols) and calculation (line) o f exciton energy as function o f PbS 
NCs size with bandgaps. [73]
As discussed above the effect o f quantum confinement which is correlated with the 
optical properties of NCs can give rise to high quantum efficiency and strong 
emission in NIR region.[70, 73] This has been utilised in PbS NCs to demonstrate 
NIR eleetrolumineseenee devices such as light emitting diodes and has potential for 
realising lasers.[74, 75] Lead chalcogenide NC can also display nonlinear optical 
properties which are useful for applications such as optical switching.[76]
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2.5. Magneto Optic Interaction
This section discusses some o f the fundamentals relating to induced magnetism 
within the context o f NC systems. It is believed that it is possible to observe induced 
magnetism by the creation o f an exciton within magnetically doped NCs. The 
exciton can be generated by optical excitation or via a charge transfer process 
between donor and acceptor. Here the background information regarding 
magnetically doped NCs is discussed, focussing on the PbS system, the exchange 
interaction process, magneto-optical processes and energy transfer mechanisms.
2.5.1. Induced Magnetism in Nanocrystals
Induced magnetism is a process which causes a nonmagnetic material to become 
magnetised by applied external magnetic or electric (electromagnetic) field. 
Following the realisation of synthetic routes to NCs doped with magnetic 
impurities, interest in the effect of induced magnetism in these NCs systems has 
increased. The introduction of magnetic impurities within NCs can modify their 
optical properties due to ordering of the dopant ions spin.
Normally this type o f induced magnetism in NCs is based on the application o f an 
external magnetic field. However, it may also be achieved via optical excitation to 
create an exciton within the NC which may then couple the dopant ion spins 
together via the exchange interaction. This process is described in Figure 7(a) where 
the dopant ions spin orientation is random prior to excitation. As the exciton is 
generated its wavefunetion enables coupling o f the spin of the magnetic dopant ions 
which start to align together to create induced magnetism. Another way to create 
induced magnetisation in doped NCs is to use an energy/charge transfer process 
where electron is either injected or withdrawn from the NC Figure 7(b)). The
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extended wavefunetion of the injected electron (or hole) can then lead to alignment 
of the magnetic impurities spin.
h ®inject e "
Mn-^ Dopant Spin 
e Electrons and Holes
NCs Exciton
Figure 7: Induced magnetism process for doped NCs (a) optically induced and (b) charge 
induced.
The strength of any induced magnetism depends upon several factors including 
temperature, the type of magnetic dopant, size of the NC, presence of any external 
magnetic field etc. As misalignment of the spins is promoted by scattering processes 
and the temperature of the doped NCs is critical in determining the lifetime of any 
induced magnetism. Typically, most research suggests that doped NCs only start to 
display such magnetic behaviour as the temperature is reduced below several 
hundred Kelvin, increasing in magnitude as the temperature is lowered.[44, 45] The 
size of the NC plays a major role in the induced magnetism due the effects of 
confinement of the exciton/charge carrier wavefunetion (thus increasing the strength 
of overlap with the dopant ion wavefunetion). As quantum confinement is 
significant in PbS NCs this process may prove to be significantly stronger in these
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systems as compared to CdSe for example. The type of magnetic impurity 
introduced directly affects the magnitude o f any effect through the gex-
2.5.2. Magneto Optical Measurements and Selection Rules
If induced magnetism within an ensemble of NCs is created, it is important to 
distinguish it from any intrinsic effect occurring in the NC itself. Optically 
measurement o f the effect o f an applied magnetic field may be undertaken using the 
difference in intensity between opposite circular polarizations o f the light absorbed 
or emitted as a result o f any Zeeman splitting. Comparison of such an effect in 
doped and undoped NCs allows the effect o f dopant ions to be separated from 
intrinsic effects that may be occurring. The splitting o f electronic energy levels by a 
magnetic field introduces a series o f additional selection rules that govern optical 
transitions between them.
Selection rules also known as transition rules dictate the possible ‘allowed’ 
electronic transitions o f system from one state to another [77] Typically an 
‘allowed’ transition is one that obeys the electric-dipole selection rule and therefore 
has a high transition probability and corresponding short radiative lifetime (typically 
1-100 ns).[77] A ‘forbidden’ optical transition in contrast has a low probability 
transition and slower radiative lifetime and requires additional contribution for 
example to flip the spin of a charge carrier.
The selection rules for electric dipole transitions are given as:
A/ =  ±1 and Ay =  0, ± 1  Equation 2.3
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These arise from the requirement that initial and final states have opposite parity 
and that angular momentum is conserved, respectively. In multi-electron systems 
where LS-coupling applies (J' = L' + S') additional selection rules are introduced:
A s '=  0 Equation 2.4
AV =  0, ±1; Ay' =  0, ±1  (no t j '  = Ota j '  = 0) Equation 2.5
where the prime indicates that it is the total spin/angular momentum that is being 
considered. The rule expressed in Equation 2.4 prevents singlet-triplet transitions 
thus being the reason for the long lifetime observed from phosphorescence. The 
selection rules of Equation 2.5 are similar to those described in Equation 2.3.
With regard to the effect of external magnetic, fields it is the z-component o f / '  
(m ’j) that is o f specific interest. Upon the splitting of energy degenerate in m ) levels 
(e.g. the ^Ps/2 level of Na) by an external magnetic field, B, (the Zeeman effect) into 
(2y+I) distinct levels, optical transitions between these levels are subject to an 
additional selection rule such that:
Am'j =  0, ±1  (not m 'j =  0 to m 'j =  0 if Ay' =  0) Equation 2.6
In performing magneto-optical studies two techniques can be applied that are: 
magnetic circular dichroism (MCD) and magnetic circular polarised luminescence 
(MCPL) spectroscopy. MCD and MCPL spectroscopy enables the Zeeman splitting 
of degenerate energy levels to be measured, for example the splitting o f a 
degenerate excited state into three levels (the ‘normal’ Zeeman effect) as illustrated 
in Figure 8(a). Excitation o f the mj = +l or mj = -I excited states can be selectively 
achieved using left or right circularly polarised light (TCP (a-) and RCP (o+) 
respectively) incident parallel to the applied field, B, (the Faraday geometry). In this 
geometry the Am ) = 0 transition is not observed but is seen when the incident light 
is perpendicular to B (the Voigt geometry). In this case the light must be linearly
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polarised parallel to B with the other transitions occurring for light polarised 
perpendicular to B.
As a result it is therefore convenient to plot the difference of o- and a+ absorption 
or emission, which is known as circular dichroism. A derivative shaped from AA in 
Figure 8(b) observed due to Zeeman splitting, AE^ eemam of the state and associated 
with energy separation between LCP and RCP absorption bands based on n ij = ±1. 
When the magnetic field is applied to NCs, the Zeeman splitting takes place which 
gives rise to mj = +1 and mj = -1 energy level at the end shifted the signal apart from 
one another leaving the derivative-shaped circular dichroism signal, AA as in Figure 
8 (b^
Energy (a) (b)
m , =
mj =
LCPRCP A^ = - A~
6 =  0 Magnetic Field
Figure 8: (a) Schematic illustration of selection rules for absorption of circular polarised 
light in transition from valence band y = 0 to conduction band j  ~ 1 with no magnetic field, 
B = 0. With applied (B ^ 0) the excited state j  = 1 splits into 3 components. The o- and a+ 
absorption can be observed when Zeeman effect occur which split level rrij = +1 and Wy = -1. 
(b) Example absorption spectra of A'(o-) and ^"(a+) excitation and the difference between 
o -  and G +  absorption spectra, AA, are in derivative-shaped.
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MCD is useful technique for measuring the Zeeman effect within magnetic dopants 
NCs. To remove the intrinsic effect within the NC, usually a study on undoped NCs 
with B need to be taken and subtract with behaviour o f measured in same condition 
of doped NCs. MCPL can be used to measure the degree of circular polarization 
(DCP) between left and right circularly polarized emission which will be discussed 
further. From the measurement MCPL or MCD the polarisation ratio can be 
determined using Equation 2.7 where h  represent absorption intensity of left 
polarization while Ir for absorption intensity o f right polarization:
A /_
Equation 2.7
2.6. Energy Transfer Mechanisms
Understanding energy transfer processes between NCs and organic molecules is 
important to explain the optical and electronic properties o f devices based on them. 
There are two major methods o f energy transfer that is Forster [78] and Dexter.[79] 
Forster resonance energy transfer (FRET) describes the energy transfer between a 
donor and acceptor through nonradiative dipole-dipole coupling with typical 
distance of ~10 nm. The spin orientation (resonance) between the donor and 
accepting molecule must occur to access Forster energy transfer along with the 
acceptor absorption spectrum overlapping with the donor emission spectrum. The 
presence o f energy transfer is confirmed by observing fluorescence emission from 
the acceptor upon excitation of the donor.
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2.6.1. Forster Energy Transfer
The probability (rate) for energy transfer via the Forster mechanism [78] can be 
defined as in Equation 2.8. Ro is defined as the Forster radius (length) where the 
probability of Forster energy transfer is equal to probability of donor fluorescence 
occurring (with a radiative lifetime,%). Rda is the distance between donor to acceptor 
molecule.
= (7) ( è ) '
As mentioned above Forster energy transfer requires a dipole-dipole resonance 
interaction between the donor and the acceptor pair. The interaction energy between 
the two dipoles depends on 1/R ,^ where R  is the distance between the donor and the 
acceptor. The rate of energy transfer ( F d -a )  is proportional to the square o f the 
interaction energy thus giving the 1/R  ^dependency.
The Forster radius, Ro, can be expressed as Equation 2.9 [80],
R Î  =  Equation 2 .9
where is a dipole orientation factor, Qo is the fluorescence quantum yield o f the 
donor in the absence of the acceptor, « is a medium refi-active index, Na is 
Avogadro’s number and J i s  spectral overlap between the donor and acceptor. The 
overlap integral can be regarded as a measure o f the strength o f the dipole-dipole 
resonance interaction between the donor and the acceptor. This integral can be 
calculated from the overlap of the donor fluorescence emission spectrum, and the 
acceptor absorbance spectrum as:
7= Equation 2.10
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2.6.2. Dexter Energy Transfer
Dexter energy transfer [79] is another method for an excited state energy transfer 
between a donor to acceptor, but occurs over much shorter length scales o f ~1 nm. 
Unlike the Forster transfer mechanism which requires spin conservation, Dexter 
energy transfer singlet-triplet and triplet-triplet energy transfer and sensitised 
phosphorescence, though spin must be conserved overall. Dexter energy transfer 
occurs via the exchange of charge carrier between the donor and acceptor thus 
requires spatial overlap o f their wavefunctions and is often referred to as exchange 
energy transfer. However, this should not be confused with the quantum mechanical 
‘exchange interaction’ discussed above. The probability of Dexter energy transfer 
mechanism is given by Equation 2.11 and Equation 2.12 below:
Pde =  Equation 2.11
P  =  ex p  Equation 2.12
\  L'ma /
where r is the donor and acceptor separation, L is the sum of the van der Waals radii 
o f donor and acceptor, and J  is the overlap spectral integral. Fd and Fa are the 
emission spectrum of the donor and the absorption spectrum of the acceptor in 
normalised form.
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CHAPTER 3 
Experimental Methods
This chapter focuses on a review o f all of the experimental configurations and 
sample preparation techniques used during the research presented within this thesis. 
The experimental methods are divided into several sections according to technique 
and include optical absorption, photoluminescence (PL) and PL lifetime decay. 
Furthermore these techniques were undertaken as a function o f both temperature 
and external magnetic field. Finally these techniques were modified as described 
below to enable magneto-optical studies of circularly polarised dichroism to be 
studied.
3.1. UV-Vis-NIR Absorption M easurements
UV-Vis-NIR absorption is used to measure the energy of photons required to excite 
an electron from its ground state to an excited state. The Beer-Lambet law describes 
the intensity of the light within a material as it propagates and is absorbed by this 
process, as shown in the diagram below. This law states that the intensity o f the 
propagated light can be affected by several factors which include:
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1, the distance light travels through the substance. 
£, the molar absorptivity of the substance 
c, the concentration of the substance.
l a ) out
£ , c
Figure 9: Beer-Lambert absorption Law diagram for un-scattering solid and liquid 
substance
Thus the equation can be derived as:
IWout =
— „-ec-£
ln(T(A)) = - ec£
In-(A ) = £c^
Equation 3.1 
Equation 3.2 
Equation 3.3 
Equation 3.4
In this study two different experimental setups have been used to obtain absorption 
spectra. In the first a Varian Cary-5000 UV-VIS-IR spectrophotometer was used. A 
schematic of the key components within the Cary-5000 spectrophotometer is shown 
in Figure 10. A tungsten lamp provides a visible to infrared photon source whilst a
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mercury lamp source is used as a UV source. A monochromator with two 
collimating lenses and a grating allows the selection of specific wavelength range 
between 200 nm to 3300 nm. The light source is chopped at 30 Hz by a chopper 
before being split into two beams; each directed through either the sample or 
reference cell chamber. Finally the two beams alternately pass through a focusing 
lens before being collected by a PbS detector. The output of the Cary-5000 is 
obtained as defined in Equation 3.1 to Equation 3.4. The second setup used to obtain 
absorption spectra is described in detail in section 3.4.
Collimated Lenses
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R e fe r e n c e
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Grating
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S a m p le
Figure 10: Diagram of Varian Cary 5000 UV-VIS-NIR spectrophotometer
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3.2. Photoluminescence Measurements
Upon photo-excitation of a sample, photolumineseence may be emitted and its 
spectrum recorded. This measurement was carried out using a self-built optical 
bench setup (Figure 11) using either an Ar^-ion (Coherent Innova 300C Ar^ ion, 458 
or 514 nm) laser or Thorlabs Laser diode (808 nm or 980 nm) as the excitation 
source. To enable temperature control of the laser diode a laser diode controller 
(ILX Lightwave LDC-3742) and laser diode mount was used (Thorlabs TCLDM9). 
The excitation source was modulated by a mechanical chopper (Thorlabs 
M CI000A) at a frequency of 235 Hz. The PL was collimated and focused onto the 
slits of a monochromator (Bentham TMc300 dual grating 1200 g/mm, blazed at 500 
nm for 200 nm to 1200nm; 600 g/mm blazed at 1200 nm for 800 nm to 1800 nm) 
and detected using a suitable photodiode (Table 3) connected to a Signal Recovery 
7265 DSP Lock-In Amplifier. Instrument control and data collection was performed 
using bespoke Labview software via a GPIB interface.
Table 3: List of detector used in PL measurement and it spectral response
Detector Type Spectral Range (nm)
Newport 818-UV (Si) 3 0 0 -  1100
Newport 818-Si (Si) 4 0 0 -1100
Newport 818-IR (Ge) 800-1800
Newport 818-IG (InGaAs) 7 5 0 -  1800
New Focus 2053 (80 ns Rise Time) (InGaAs) 800-1700
New Focus 1653 (5 ns Rise Time) (InGaAs) 800-1700
Bentham DH3 end window photomultiplier tube 2 5 0 -9 0 0
(PMT)
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Figure 11 : The benchsetup for PL measurement at room temperature.
To prevent seattered laser light entering the monochromator, resulting in 
experimental artifacts and the detection of second order laser line reflections off the 
grating, the PL signal was long-pass filtered before entering the monochromator; the 
type of long-pass filter chosen depended on the excitation wavelength. Following 
the collection of data, all spectra were corrected for the system (grating and 
detector) response and for the effects of the use of band-pass filters. The filter 
transmission data and system response correction factors are shown on Figure 12(a) 
and (b). Further details relating to additional correction and signal processing are 
given where they have been used within the results chapters.
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Figure 12: (a) Transmission spectra of various long-pass filters, (b) system response 
correction factors of various grating and detector combinations.
3.3. Time Resolved Florescence Decay (Photolumineseence Lifetime) 
Measurements
Time resolved fluorescence decay measures how long following excitation an 
excited state takes to radiative recombine. There are typically two types of
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competing decay mechanisms present in nanocrystals: either radiative or non­
radiative relaxation of the excited state. For many optically active materials the 
radiative lifetime will be of the order picoseconds to hundred nanoseconds, 
dependent on many factors including the crystal structure and resulting electronic 
properties. Radiative and non-radiative processes are competing with each other as 
an electron relaxation process and the non-radiative process normally occurs on a 
much faster timescale compare to the radiative process. This behaviour is mostly 
observed at high temperatures when the phonon scattering energy (normally caused 
by lattice vibrations) is large and therefore increases the non-radiative multiphonon 
relaxation processes. There are also several additional factors that compete with 
multiphonon relaxation and radiative recombination that include intersystem 
crossing and energy transfer between two or more materials. Equation 3.5 and 
Equation 3.6 below describe the relaxation dynamics of an excited state:
_ t
I ( t ^  =  A e  T , Equation 3.5
where t:
1 1  1
-  = ------- 1--------------------------- Equation 3.6
^ ’^ rad "^non-rad
Here t  is time, t  is the lifetime decay o f the excited state and A is initial 
fluorescence intensity immediately following excitation (assuming the excitation 
process is not delayed). —^  is proportional to the probability o f the excited state
"^ rad
undergoing radiative recombination and — -—  is proportional to the probability
'^non-rad
for non-radiative recombination.
Measurement of the excited state lifetime was undertaken using a bench setup as 
shown schematically in Figure 13. The excitation sources used were the Ar ion laser 
or laser diode described above in section 3.2. To provide a pulse excitation with fast 
on-off times, an acousto-optic modulator (AOM) (Gooch and Housego M080-1B-E-
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GH2) driven by an RF driver (Landwehr A 103) modulated using a signal generator 
(Hewlet-40 Packard 33120A) was used. The PL was collimated and focused onto a 
fast photodetector InGaAs (Newfocus 2053) with inbuilt signal amplification 
electronics and the transient signal recorded using a digital oscilloscope (Textronix 
3032B). The recorded waveform was then transferred to computer using proprietary 
software (Tektronix OpenChoice TDSPCSl) over a GPIB interface. Prior to the 
measurement of the PL decay signal, the system response was measured by 
replacing the sample with mirror to record the (attenuated) excitation pulse alone. 
The response (decay) of the system (AOM and detector) was typically -50  ns and 
will be shown in chapter 4.
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Figure 13: The bench setup for PL lifetime decay measurement at room temperature.
37
3.4. Temperature Dependent and Magneto-Optical Measurements
Temperature and external magnetic field dependent spectroscopy were carried out 
using the same methods and apparatus as described in sections 3.1 to 3.3, with the 
additional use of a 7 T split coil cryostat (Cyromech PT415 with CTlOlO 
compressor). Schematics of the configuration used for Voigt and Faraday 
measurements are provided in Figure 14.
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Figure 14; Temperature and Magneto-optical absorption measurement (a) Faraday 
Geometry and (b) Voigt geometry.
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Figure 15: Illustration of Faraday geometry magneto optical measurement (a) absorption 
and (b) PL or PL lifetime setup and (c) magneto-optical measurement circular polarization 
orientation for absorption (blue) and PL / PL lifetime (red).
Figure 15(a & b) provides an illustration of the eonvention used within the thesis to 
deseribe the magneto-optical studies measured in the Faraday geometry, for 
absorption, PL and PL lifetime measurement. In brief the circular polarization of 
the incident light is dependent upon the relative orientation of quarter wave fast axis 
and the linear polarizer optical axis, as described from Ref [81] (pages 355). The 
usage of a linear polariser and quarter-wave plate in the setup ensure that the 
incident light is circularly polarized for the absorption measurements and any 
circularly polarised PL may be resolved. To minimize the potential error due to 
rotating quarter-wave plate by 90° (or changing the fast axis) to switch from left and 
right circular polarized light their relative orientation was fixed, and as shown in 
Figure 15, the applied B is swept from -7  T to +7 T. In order to cheek the setup
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works correctly the linear polarizer was then rotated 90° and measurements retaken 
recorded as the B swept again. This reproduced the data obtained (though reversed 
in the sign o f the applied field) thus the method o f fixing the orientation o f the 
quarter-wave plate and polariser and sweeping the B was used.
In Figure 15(a) which shows an illustration of the magneto-absorption measurement 
for PbS NCs, the orientation of the linear polarizer and quarter-wave plate was 
chosen to generate right circularly polarized light (viewing from the source). Figure 
15(b) shows schematically the case for detecting PL which for the relative 
orientation of the wave plate and polariser given enables the detection of left 
circular polarized emission (viewing from the source). Figure 15(c) then shows how 
by sweeping from a negative to positive magnetic field enables the effective 
measurement of left and right circularly polarised absorption and emission without 
the need to alter the experimental setup (and thereby reduces the risk of 
experimental error).
The bench setup for magneto-absorption measurements is shown in Figure 16(a). 
The white light source (Tungsten lamp 100 W) modulated by optical chopper is 
passed through a monochromator with a suitable grating for visible or NIR region 
(1200 g/mm or 600 g/mm respectively) chosen. A long-pass filter was used to block 
grating harmonics. The monochromated light source was then collimated using 
optical lenses before passing through a linear polariser and quarter-wave plate to 
generate circular polarised light. It should be noted that achromatic quarter-wave 
plates (ThorLabs AQWP05M-980/1600) and polarisers (ThorLabs LPN1R050) were 
used in order to record absorption (and PL) spectra. The circularly polarised light 
then passes through sample held inside the cryostat (2 K to 300 K) with 
superconducting magnets enabling a magnetic field sweep from -7 to +7 T to be 
performed. The transmitted light was collected focusing the light onto a detector 
(InGaAs Newport 818-IG) before amplified using loek-in detection (Signal Recover 
SR7265) and recorded by computer as described above.
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Figure 16(b) shows the beneh setup for magneto-PL / PL lifetime studies. The 
excitation energy set either by using diode laser (808 nm) or Ar^ ion laser (514 nm) 
was modulated using a mechanical optical chopper or AOM as described above and 
directed onto the sample. Again the sample is mounted within the cryostat to allow 
temperature variation from 2 K to 300 K and the application of applied magnetic 
fields from -7 T to +7 T. We note that a small (mT) residual magnetic field is 
present when the magnetic is set to 0 T. Emission from the excited sample was 
collected using collection optics before being passed through the quarter-wave plate 
and linear polariser immediately prior to entering the monochromator. PL spectra 
were recorded as described above. Unpolarised emission spectra were recorded by 
removal of the quarter-wave plate and linear polariser.
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Figure 16: The bench setup of temperature and external magnetic field dependence of PbS 
NCs (a) absorption and (b) PL / PL lifetime.
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3.5. Other Experimental Technique
3.5.1. Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is a microscopy technique which uses a 
transmitted electron beam to characterise samples. It has high spatial resolution (due 
to the de Broglie wavelength of the electrons) which enables sample 
characterisation with resolution of few angstroms. A basic configuration of a TEM 
is shown in Figure 17
Electron Source
Electron Beam
m  * Sample
Electromagnetic
Lenses
/ \
/  \/ \
\  /  
\  /  
V  / \ Viewing Screen
Figure 17: Basic diagram of Transmission Electron Microscopy.
A high voltage electron beam is generated by a source at the top of the microscope 
vacuum column. The electron beam, typically generated by a heated tungsten 
filament, is accelerated using an anode to energy of between 40 to 400 keV with 
respect to the filament cathode. Electromagnetic lenses are used to focus the 
electron beam into the sample. As the electron beam interacts with the sample, an
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electron starts to scatter and lose energy. In crystalline materials the scattering takes 
the form of diffraction which is recorded and can be used to obtain the crystal lattice 
parameters. Transmitted electrons again pass through several electromagnetic lenses 
before producing a “shadow image” of the sample on a screen or detector. High 
resolution transmission electron spectroscopy (HRTEM) utilising hardware 
correction allows the production o f images with a high spatial resolution o f -0.5 Â. 
The TEM used for measurements was either a Philips CM200 (University of 
Surrey) and FEI Tecnai T12 (King College London). All TEM data and images 
were recorded and analysed by expert operators and included in the thesis as 
received.
3.5.2. Electron Paramagnetic Resonance (EPR) Spectroscopy
Electron paramagnetic resonance (EPR) spectroscopy also known as electron spin 
resonance (ESR) spectroscopy is a technique used to measure presence o f un-paired 
electrons in a sample.
Energy
E
B = 0 6;«0 M agnetic Field
Figure 18: Energy difference or splitting with and without magnetic field.
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Quantum physics tells us that electrons possess a magnetic moment and spin 
quantum number, 5 = 16, with magnetic components nis= +16 and rus = -16 in the EPR 
measurement a strong magnetic field, B, is applied to the material (liquid/solid) 
containing a paramagnetic specimen. As the external magnetie field is applied the 
spin of any unpaired electrons will become oriented to be either parallel or 
antiparallel to the applied field. This gives rise to a splitting in energy, depending on 
the orientation potential energy as shown in Figure 18. Thus the splitting of the 
energy levels is directly proportional to external magnetic field strength. If the 
applied B is fixed, it is then possible to change the electron energy by the absorption 
or emission of a photon of energy equal to energy difference, AE, thus giving rise to 
EPR spectroscopy. Alternatively, the photon energy may be fixed and the magnetic 
field varied resulting in a spectrum such as that in Figure 19.
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Figure 19: Oleic-acid PbS NCs EPR spectra centre at frequency 9.5 GHz (3350 gauss). The 
trace shown is the first derivative of the absorption spectrum.
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One important characteristic o f EPR studies is the ability to study the hyperfine 
coupling in samples containing two or more un-paired electrons. In this case the 
EPR spectrum does not only show a single line, as shown in Figure 19, but 
additional features arising from the interaction o f the magnetic moment o f electrons 
with the nuclear spin giving rise to hyperfine splitting. The number o f hyperfine 
spectral lines expected is given by 2n{l + 14), where n is the number of equivalent 
nuclei and each with a spin of /.
3.6. Sample Preparation Methods
3.6.1. Sample for Charge Transfer Studies
For the experiments in chapter 6, colloidal PbS NCs were synthesized using similar 
techniques to those reported elsewhere [82] followed by dilution in toluene. Stock 
solutions (20 mg/ml) of TTF (Fluka) and TCNQ (Aldrich) were also prepared in 
toluene. Samples for analyses were then prepared via the addition o f increasing 
volumes of TTF or TCNQ to 0.1 ml of PbS NC solution as shown in Table 4. 
Following initial measurements a series o f lower concentration TTF samples were 
also prepared for analysis.
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Table 4: Description of samples studied. *Only PbS-TTF prepared
Sample PbS TTF/TCNQ TTF/TCNQ Concentration
ml Ml (mg/ml)
a 0.1 0 0
b* 0.1 0.001 0.04
c* 0.1 0.01 0.36
d ' 0.1 0.02 0.67
e* 0.1 0.03 0.92
f 0.1 0.05 1.33
g 0.1 0.07 1.65
h 0.1 0.1 2
i 0.1 0.2 2.67
j 0.1 0.4 3.2
k 0.1 0.8 3.56
1 0.1 1.6 3.76
3.6.2. Ion Beam Implantation
The Mn-implanted PbS NCs samples used in chapter 7 were prepared using ion 
implantation. In these experiments Mn ions were accelerated towards a Si substrate 
on which a PbS NCs thin film had been deposited via drop casting. Upon impact all 
remaining outer electrons of the Mn ions are removed prior to their kinetic energy 
being absorbed through collisions with the target material atoms. Once the Mn ion 
has stopped, it attempts to recover charge neutrality through the formation o f bonds. 
Typically after implantation an annealing process is undertaken to achieve this and 
promote substitutional doping. However in our case due to risk o f both NCs
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oxidation and clustering of Mn and/or Pb ions [83], the annealing process was not 
undertaken.
Due to the nature of the thin NC film deposited on the substrate penetration of the 
incident Mn ions into the substrate is a significant risk. Nonetheless, though no 
others reports of using this method exist exploratory trials were undertaken. Figure 
20 shows a general schematic of a typical ion beam implantation system.
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Figure 20: Plan view of schematic of Ion Beam Implanter taken from [84].
There are two key parameters that can be controlled during implantation: (i) the ion 
implantation energy and (ii) the implantation dose. The implantation energy 
determines the kinetic energy of the ions upon impact and therefore the depth of 
implantation. As such a high energy implantation normally penetrates much further 
into a material or is required to achieve the same stopping range in a denser 
material. To determine the energy required to achieve a given depth therefore 
knowledge of the target material density is required. For a film of ligand capped 
PbS NCs this is unknown however. As a result a range of energies was trialled as 
described in chapter 7. Similarly a range of doses was used in order to vary the
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doping concentration for a given energy. Table 5 summarises the range of 
implantation parameters investigated. Further detailed information is provided in 
chapter 7.
Table 5: PbS NCs Mn-implanted sample with respect to implantation energies and dopant 
concentration doses used in the study.
Sample Date Implant Dopant Concentration 
(ions/cm^)
Implantation 
Energy (keV)
PbS + M n(le '") 29/6/2010 le ') 100
PbS + M n(5e'^) 29/6/2010 5 e's 100
PbS + Mn (le'6) 29/6/2010 le'G 100
P bS + M n (5 e‘®) 29/6/2010 5 e" 100
PbS + M n(le '4) 15/11/2010 le'4 50
PbS + M n (le " ) 15/11/2010 le'3 50
PbS + M n(le '^) 15/11/2010 lei2 50
PbS + M n ( le '‘‘) 15/11/2010 le'4 100
PbS + M n (le " ) 15/11/2010 le'3 100
PbS + M n (le ‘^ ) 15/11/2010 le'2 100
PbS + M n (le " ) 27/9/2011 le'4 50
PbS + Mn (2.5e") 27/9/2011 2.5e'4 50
PbS + M n(5e'") 27/9/2011 5e" 50
PbS + M n(7.5e") 27/9/2011 7.5e'4 50
PbS + M n(le '^) 27/9/2011 le ') 50
PbS + M n(5e'^) 27/9/2011 5e') 50
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CHAPTER 4 
Temperature Dependence of 
Undoped PbS Nanocrystal Optical 
Properties
In this chapter we will discuss temperature-dependent optical characterisation of 
undoped PbS NCs. Detailed experimental studies including absorption, PL and PL 
lifetime are presented for a range of temperatures between 3 K and 300 K. Based on 
these studies we validate the data obtained by some previously reported studies 
whilst providing improved experimental evidence. We also report behaviour which 
demonstrates differences from those previously reported and thereby improve 
understanding of the temperature dependence of the optical properties in these 
systems. Based on the results reported a three-level rate equation model o f the 
temperature dependence of the Stokes shift is developed which, supported by PL 
lifetime measurements, predicts an energy separation of ~6.0 ± 0.3 meV between 
the two optically active levels.
49
4.1. Introduction
Lead chalcogenide (S, Se and Te) NCs display excellent optical properties in the 
NIR region and are attractive for utilisation in a wide range o f optoelectronic 
devices and system as previously discussed. The potential of these materials is 
reflected by the significant research attention, both theoretical and experimental, 
that has been paid to their fundamental optical properties. These types o f material 
have a very high charge carrier confinement and show remarkably different 
temperature dependent behaviour compared to other semiconductor nanocrystals 
(e.g. CdSe, CdS and ZnSe) which includes a narrowing of the bandgap as the 
temperature is reduced. Studies o f the bulk lead chalcogenide bandgap also give rise 
to interesting behaviour and have to date formed the basis for describing the 
temperature dependence of the NC.[85-87] However, in the strong confinement 
limit within lead chalcogenide NCs the effect o f temperature on the electronic 
properties still raises many questions. Initial studies observed that the temperature 
dependence of the bandgap o f lead-salt NCs are strongly dependent on the size of 
the NC itself and therefore the degree of confinement. [67] Studies o f bulk lead-salts 
indicate that temperature dependence o f the bandgap has contributions from the 
lattice thermal expansion and changes in electron-phonon coupling. In NCs further 
terms have to be added to take into account the effect o f variation o f wave function 
overlap with temperature, and strain due to thermal mismatch between the NC and 
any host matrix should the NCs be encapsulated.
Prior work on the optical properties o f PbS NCs has typically focused on the 
dependence of confinement (i.e. NC diameter) leading to a well-established 
understanding o f these effects. [70, 73, 88, 89] As the field has developed to include 
temperature dependence this has typically been restricted to focussing on PL studies 
[90-93] with fewer studies including, or focusing on, absorption.[94-96] More 
scarce are studies of the temperature dependence of the PL lifetime. [90] Due to 
significant dependence of the optical properties on the PbS NCs diameter, it is 
difficult to make strong conclusions on the effect o f temperature by comparing
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separate studies on PL and absorption for example as variation in NC diameter 
between studies exist. Additionally, even PbS NCs o f the same diameter display 
variation in their optical properties due to the effects of surface ligands and states, 
their host (e.g. solvent, glass matrix or thin film), and storage. Attempts to address 
this have recently been made with the temperature dependence o f absorption and PL 
from the same sample being reported.[95, 97] However there is still a need for 
further studies and a model consistent with observed behaviour needs to be 
developed.
In this chapter we aim to provide a set of data that will enable such a model to be 
developed through a comprehensive study of the optical properties o f PbS NCs. In 
doing so, we will also provide reference data for the magneto optical studies 
reported within and for studies o f doped-NCs.
4.2. Optical Studies of PbS Nanocrystals at Room Temperature:
Studies of the optical properties o f PbS NCs at room temperature are important prior 
to temperature dependent measurements being undertaken. For the studies in this 
chapter oleic acid capped PbS NCs, diluted in toluene, with a diameter of 
approximately ~4 nm (purchased from Evident Technology) were drop cast onto 
fused silica substrates. Figure 22(a) shows the absorption spectrum of these PbS 
NCs at room temperature where the main absorption peak appears at -1.056 eV 
(1174 nm) and is defined as the first excitonic peak. Also visible in the absorption 
spectrum are shoulders indicating fiirther peaks around 1.37 eV, 1.55 eV, 1.78 eV 
and 2.27 eV due to excitation of higher energy levels within the PbS NCs.
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Figure 21: The room temperature thin film oleic acid capped PbS NCs (a) absorption and 
second derivative spectrum, (b) energy level shown allowed and forbidden transition 
between ground state to excited state.
Following the analysis undertaken by Cademartini et al [98] at room temperature 
for the second-derivative absorption spectrum (red line in Figure 21(a)), using the 
Equation 4.1 to Equation 4.5
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, the position o f the first, fourth, fifth and sixth excitonic transition yields a NC 
diameter of 4.1 ± 0.2 nm in agreement with that measured using TEM (Figure 
22(c)). However, for third excitonic transition value obtain base on NCs size not 
yield as mention using Equation 4.2. As reported, that the third and fourth excitonic 
transition might come from second allowed transition Iph - Ipe as shown in Figure 
21(b) with different value of my.[98] base on energy levels calculated by Tudury et 
al, we found that second excitonic transition could be from Ise -  Iph (or Ish -Ipe) 
which are forbidden, that is the reason why equation for E2 unable to be 
obtained.[99] The second excitonic transition could be parity forbidden which 
contributed fi-om PbS NCs band anisotropy to intervalley scattering or to permanent 
dipole moments.[100, 101]
El (eV) = 0.41 + 0 .9 6 // + 0.85/r Equation 4.1
E3 (eV) = 0.41 + 0 .5 4 // + 1.83/r Equation 4.2
E4 (eV) = 0.41 + 1 .15 // + 1.67/r Equation 4.3
Es (eV) = 0.41 + 0 .9 3 // + 2.29/r Equation 4.4
Ee (eV) = 0.41 + 0 .6 7 // + 2.97/r Equation 4.5
Figure 22(a) shows the PL spectrum of the PbS NCs peaking at 0.997 eV (1244 
nm). Also shown is a single Gaussian fit to the data displaying inhomogeneous 
broadening due to significant distribution of PbS NC diameters within the ensemble. 
The fit parameters are given in Table 6 and yield a FWHM o f -130 meV.
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Figure 22: The room temperature thin film oleic acid capped PbS NCs absorption and 
second derivative spectrum (a), photoluminescence spectrum (b), photoluminescence 
lifetime decay (c) and TEM image (d)
Table 6 : Gaussian fitting parameter of PL spectra for PbS NCs at room temperature
Gaussian Parameter Value Standard Error
Peak Position (eV) 0.997 g j^ x lO ^
Intensity (a.u.) 5.11 X 1 0 ’2
Integrated Intensity (a.u.) 6 .9 8 x 1 0 ^ 3.49 X 10 '4
FWHM (meV) 130 6.51
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The room temperature PbS NC PL lifetime is shown in Figure 22(b) and found to be 
fit accurately by using a standard double exponential decay. Slow (xi) and fast (12) 
components obtained represent radiative recombination processes from bright and a 
dark (or trap) state occurs o f the PbS NCs, respectively. The lifetimes obtained from 
such a fit yield values of xi =4.94 ± 0.05 ps and 12 = 0.52 ± 0.01 ps. The system 
response was measured to be around 50 ns as shown in Table 7 and Figure 22(b). 
Other reported radiative lifetimes for oleic acid capped PbS NCs at room 
temperature are of the order ~1 ps.[89] The lifetime o f PbS NCs are significantly 
slower than II-IV NCs (e.g. CdSe around -10  ns [102]) probably due to high 
dielectric screening that occur in chalcogenide NCs.[101, 103]
Table 7: Exponential fitting of PL lifetime and system response
Exponential Decay Time (s) Standard Error
System Response 4.95 X 10 *
PbS NCs Slow Lifetime ti 4.94x10'^ 5.01 X 10'*
PbS NCs Fast Lifetime 5.19x10'^ 4.35 xlO'^
Having determined the room temperature optical properties of these undoped PbS 
NCs which include measurement of the absorption, PL and PL lifetime, their 
temperature dependence may now be studied.
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4.3. Temperature Dependent Optical Studies of PbS Nanocrystals
4.3.1. Absorption
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Figure 23: Temperature dependence of PbS NCs: (a) transmission spectra of PbS NCs on a 
fused silica substrate (b) transmission spectra of the fused silica substrate and (c) calculated 
absorption spectra.
Transmission spectra of drop-cast oleic acid capped undoped PbS NCs were 
obtained as described in chapter 3.4 as a function of temperature, Figure 23(a). 
Likewise the transmission of the substrate was obtained to provide temperature 
dependent reference spectra, Figure 23(b). The importance of this is clearly 
demonstrated as it can be observed that the baseline transmission of the system 
(which includes the cryostat windows and the substrate) varies with temperature.
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Using these data sets we are able to convert the transmission data into absorption by 
using Equation 4.6:
Abs = log Equation 4.6
h  ample
Figure 23(c) shows the temperature dependent absorption spectra o f the undoped 
PbS NCs obtained using this method. At 300 K the first excitonic excitation, defined 
as Eg, is attributed to the main peak, at -1.072 eV (-1160 nm). Also visible is the 
appearance of a 2”^  and 3*^  ^absorption feature appearing as shoulder at around -1.3 
eV and 1.41 eV due to higher energy level transitions. At a much lower energy 
around -0.93 eV (-1333 nm) there is also visible a small absorption peak o f which 
the origin has not been confirmed but may be due to the presence o f a trap state 
within the undoped PbS NCs bandgap. Upon the reduction of temperature to 3 K, in 
addition to the increase in absorption, a 39 meV redshift o f the main absorption 
peak. Eg, to -1.033 eV (-1200 nm) is observed (Figure 23(c)) in agreement with 
behaviour previously reported and theoretical predictions.[94, 95] A similar 
temperature dependent behaviour is observed for the high energy absorption 
features at (-1.31 eV and -1.41 eV) though the redshift is slightly reduced. These 
absorption features appear more clearly upon cooling with the third shoulder (-1.41 
eV) becoming much more defined at -1.5 eV. However, the low energy feature at 
-0.93 eV remains unchanged with temperature hence it is probable that it is either 
trap state related or an artefact relating to substrate absorption which was not fully 
removed by use of the reference spectra (Figure 23(b)). Further analysis o f the 
temperature dependent absorption data presented in Figure 23(c) is deferred to 
section 4.4 below following the presentation of additional experimental data that 
informs this analysis.
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4.3.2. Photoluminescence
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Figure 24: Temperature dependence of PbS NCs PL spectra.
The temperature dependent PL spectra of undoped PbS NCs are shown in Figure 24. 
Each spectrum displays single Gaussian behaviour displaying inhomogeneous 
broadening due to the distribution of PbS NC diameter within the sample. At 300 K 
the PL peak, E n , is centred at -1.0 eV (-1240 nm) and with reducing the 
temperature to 3 K a significant redshift o f -100 meV is observed to -0.910 eV ( -  
1380 nm). Similarly to the absorption, the PL intensity increases with reducing 
temperature though at very low temperatures (<50 K) a small reversal o f this 
behaviour is observed. Finally, it can be seen that the full width at half maximum 
(FWHM) also reduces with temperature.
The temperature dependence of the PL has received more attention than the 
absorption and is commonly used as a measure of the bandgap temperature
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dependence. Similar to the treatment of the absorption temperature dependence, 
linear behaviour at higher temperatures is often assumed though again without 
justifieation. Further analysis of PL spectra is provided below in section 4.4 below.
4.3.3. Photoluminescence Lifetime
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Figure 25: (a) PL lifetime decay of PbS NCs as a function of temperature, (b) Lifetimes 
obtained from the fitting of a bi-exponential decay to the data in (a).
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Temperature dependent PL decay transients are presented in Figure 25(a) along with 
the system response (xsys = 60 ns) which is one order magnitude faster and has no 
temperature dependence. In general it can be seen that as temperature is reduced so 
the PL lifetime increases as might be expected in line with a reduction in phonon- 
assisted non-radiative relaxation. All the recorded PL lifetime deeay ean be 
accurately fitted to a bi-exponential function with exception of the 3 K decay which 
shows single exponential behaviour with lifetime decay of t i  = 6.55 ± 0.01 ps. The 
results of this fitting are presented in Table 9 with the two lifetimes, xi and X2, 
representing a slow and fast component with respect to each other. The difference 
between the slow and fast lifetimes is the greatest at 300 K and decreases as the 
temperature is redueed, Figure 25(b). Initially as the temperature is reduced to -75 
K there is a small and steady increase in the slow lifetime o f around 10% followed 
by a larger increase upon further cooling to 3 K resulting in a 25% increment over 
that obtained at 300 K. For the fast lifetime, X2, a steadily increase with temperature 
reduction to 25 K is seen before it vanishes at 3 K. Again further analysis is 
provided below in section 4.4. The PL lifetime exponential fitting was analysed 
using basic bi-exponential formula as shown in Equation 4.7 below:
y  =  yo +  Equation 4.7
where yo is the PL lifetime offset, Ai and A2 represent the amplitude o f the signal 
and xi and X2 represent the slow and fast lifetimes. If the fitting shows the same 
value of xi and X2, it indieates a single exponential decay rather bi-exponential.
To provide more evidence regarding fitting o f the PL lifetime using exponential 
functions the PL decay transients were differentiated in order to support single and 
bi exponential behaviour at temperatures o f 3 K and 25 K. For the 3K data shown in
- 1 -tFigure 26 (whieh plots the derivative of Zn(y) =  — where y  =  Ae t ) 
differentiation results in a ‘constant’ proportional to -I/x thus supporting the
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assignment of the deeay to single exponential behaviour. It should be noted that the 
data shown in Figure 26 has undergone smoothing to reduce noise using a Savitzky- 
Golay algorithm employing a 2"^ order polynomial embedded within the Origin 
software used for analysis.
For the 25 K data shown in Figure 26 whieh plots the derivative o f ln y  =
In A^e +  Age 2^ differentiation presents an increasing value thus it is clearly
not single exponential in nature. However the noise level in the data, and the 
similarity of the two lifetimes (both microsecond) prevents us from determining that 
is it bi-exponential and does not contain additional exponential deeay terms. We 
therefore proposed that the observed lifetime was bi-exponential from comparison 
the fitting parameters obtained when attempting to fit single, bi-, and tri-exponential 
decay functions to the data. As an example Table 8 presents the parameters obtained 
when fitting the 300 K data which presents the largest deviation from the single 
exponential behaviour observed at 3 K. It can be seen that when using a tri­
exponential fit the best fit is obtain when two o f the lifetimes are set equal to each 
other (hence the large errors). Fitting a bi-exponential function results in the same 
two distinct lifetimes being obtained as when using the tri-exponential fit and 
similar R-square and reduced Chi-squared values.
Table 8: Derivation fitting of PL lifetime at temperature 300 K
Fitting Function Lifetimes (error) 
[ N
R-square Reduced Chi- 
squared
Single exponential 1.18(0.01) 0.937 7.25 X 10"
Bi-exponential 0.606 (0.004), 5.65 
(0.07)
0.990 1.14x10“'
Tri-exponential 0.61 (166), 0.61 
(166), 5.65 (0.09)
0.990 1.12 X 10“*
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Figure 26: Derivative fitting of PL lifetime at temperature 3 K and 25 K
62
Table 9: Temperature dependent PL transient decay exponential fitting of t; and
Tem perature
(Kelvin)
Lifetime
Ti, (ps)
± Lifetime 
Ti, (ps) e rro r
Lifetime 
T2, (ps)
^Lifetime 
(ps) e rro r
3 6.55 0.01
25 5.94 0.04 226 0.03
50 5.79 0.04 2.11 0.02
75 5.46 0.03 2.02 0.03
100 ^26 0.05 1.82 0.02
125 ^22 0.03 1.66 0.01
150 5.20 0.04 1.41 0.03
175 5.18 0.07 1.10 0.01
200 5.16 0.04 0.90 0.01
225 4.98 0.03 0.71 0.01
250 5.01 0.03 0.57 0.01
275 4.94 0.04 0.52 0.01
300 4.89 0.05 0.50 0.01
4.4. Analysis of the Tem perature Dependence of PbS NC Optical Properties
Although this is not first report regarding the behaviour of the optical properties of 
undoped PbS NCs with temperature, there is still lack of understanding on how this 
material behaves at very low temperatures. Several researchers have published data 
regarding the temperature dependence. However, none have supported their work 
with a complete optical study that includes absorption, PL and lifetime decay 
measurements. In this section the analysis of such a temperature dependence study 
of PbS NC optical properties is presented based on the data provided above.
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4.4.1. Analysis of PbS NC Absorption
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Figure 27; Temperature dependence o f the PbS-NC first absorption peak position, Eg. Red 
line: a linear fit above 3 K; blue line a linear fit above 100 K; and green line represents 
fitting with Equation 4.8. (b) Normalized absorption intensity versus temperature for PbS 
NCs Eg{T). Blue line represents a linear fit for temperature > 25 K.
Temperature dependent absorption studies of undoped PbS NCs often report a linear 
behaviour of dEgldT. However, generally sueh studies only consider temperatures 
above -80  K having been restricted by the use of liquid N] for cooling.[67] Others 
studies that do extend to lower temperatures (e.g. Lewis et al [95]) have supported
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this assumption. In contrast, the measurements reported by Ullrich et al [97] display 
a non-linear behaviour for absorption data, though different to that shown in Figure
2700.
Figure 27(a) shows the temperature dependence o f Eg obtained using the first 
excitation peak in Figure 23(c). Initially assuming a linear behaviour two fits are 
displayed giving temperature coefficients dEg/dT = 127 ± 5 peV/K (red line) and 
dEgidT = 107 ± 8 peV/K (blue line) when all data and only that above 80 K are 
fitted respectively. The values are in line with the previously reported value though 
upon close inspection clearly both o f the fits are poor. Instead we find that a good fit 
to the temperature dependence o f Eg ean be obtained by using an exponential 
growth model in Equation 4.8 as shown in Figure 27(a) by the green line.
Eg(T) =  Eg (0) — a [e“^^ — 1] Equation 4.8
The value o f Eg{0) in Equation 4.8 was taken from the measured value at 3 K = 
1.033 eV. Fitting the data results in values o f the parameters being obtained as a = 
64 ± 5 meV, and 6 = 3.1 ± 0.3 m K '\ Other alternative expressions used, including 
the Varshni relation (Equation 4.9 below), are not able to explain the temperature 
dependence observed in Figure 27(b) nor that o f Lewis et a/. [95] The expression in 
Equation 4.8 may be (poorly) approximated by a linear fit via the series expansion 
of the exponential term. Doing so yields a value o f dEgldT = 198 ± 36 peV/K and 
would be reduced upon limitation of the temperature range considered in line with 
the values discussed above and previously reported.[67, 95, 96]
Figure 27(b) shows the peak intensity o f the first excitonic absorption transition 
plotted as function o f temperature. The intensity of the 3K absorption peak has been 
set equal to one and the intensities at higher temperatures shown relative to this. The 
blue line represents fitting of the data at temperatures above 25 K showing linear 
behaviour. The intensity ean be seen to deviate significantly upon cooling to 3 K 
and was repeatable. The temperature dependent behaviour originates from the
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sample and not the system as temperature dependent reference spectra, Tef, were 
used as described above. In addition to the observed redshift in Eg with reducing 
temperature, a reduction in the width o f the main absorption peak is found ( -  10 
meV) as would be expected as phonon interactions are reduced.
4.4.2. Analysis of PbS NC Photoluminescence
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Figure 28: (a) Temperature dependence of the PbS-NC PL peak position. The red line 
represents a linear fit above 150 K and blue line fitting to all temperatures using the Varshni 
equation (b) Temperature dependent PL peak the black dotted line is a fit using O ’Donnell 
equation.
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To continue the analysis o f undoped PbS NCs temperature dependence we plot the 
PL peak, Epl, position as a function o f temperature in Figure 28(a). In the absenee 
of absorption data the PL peak position is often taken as being representative o f the 
NC bandgap. Henee comparison with the absorption data and analysis for Eg is of 
interest. If  we again follow the praetice reported elsewhere and assume linear 
temperature dependenee at higher temperatures (> 150  K), we obtain a value of 
dEpi/dT=  405 ±0.15 peV/K, similar to previously reported for undoped PbS NCs 
[67, 93, 95], red line Figure 28(a). It is elear however that sueh a fit does not 
aecurately deseribe the temperature dependenee. An alternative approaeh using a 
phenomenological relationship where the temperature dependenee eonsiders the 
effeet o f lattice dilation and eleetron-phonon eoupling is therefore required. The 
Varshni relationship in Equation 4.9 is one such model whieh has had significant 
success in fitting the temperature dependence o f a wide number of semieonduetor 
bandgaps.[I04]
~-t>2
=  ^ ( 0 )  -  Equation 4.9
By using this expression to fit Epl{T) yield a good fit ean be obtained (as shown in 
Figure 28(a) blue line) with the fitting parameters a = -0.90 ± 0.26 meV/K and p  = 
635 ± 271 K. Though a good fit is observed, the physieal meaningfulness of the 
fitting parameter values obtained should be examined. Firstly, the negative value o f 
a, representing the temperature eoeffieient dEpp/dT, is expected due to PL peak red- 
shiAing as temperature is redueed. Secondly, the parameter p  is proposed to be 
related to the Debye temperature whieh is reported to be ~ 145 K for PbS NCs.[67] 
In the fit the value obtained p  = 635 ±2 7 1  K is signifieantly larger than these 
reported values thus we eonclude that the Varshni equation is not suitable for 
deseribing the temperature dependence o f either Eg or Epp in PbS NCs.
Given the unsuitability o f the Varshni relation to describe Epp, an alternative must 
be sought. The solid blaek line in Figure 28(b) represents a fit o f the PL peak 
energy, Epp, using Equation 4.10, using the expression proposed by O’Donnell et al
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[105] and modified by others [91] to take into aeeount the observed redshift with 
redueing temperature by changing the sign prior to the seeond term:
Epl(T) = Epp(0) +  S {Eph)[coth({Eph)/2kBT) -  l]  Equation 4.10
The fit shown in Figure 28(b) (with = 0.995) gives values for the fitting 
parameters of, S  = 2.64 ± 0.14 and Eph = 24 ± 2 meV. The parameter Epl{0) = 0.91 
± 0.01 eV is taken and fixed as the value o f Eff,(3K). The parameter S  is interpreted 
as the Huang-Rhys parameter which for 1.5 nm diameter PbS NCs is reported to be 
~0.7.[106] Theoretieal treatment yields values 4 orders o f magnitude weaker than 
this suggesting that at least one o f the exeited eharge earries must be highly 
loealized within the NC in order to obtain values o f S similar to that experimentally 
found.[106] Our value is somewhat higher than that found via absorption 
measurements (-0.7) or via the use o f Equation 4.10 by others (-1.5). Eph represents 
an average phonon energy within the PbS NCs with the value obtained being elose 
to the bulk longitudinal optieal (LG) phonon energy reported as 26.6 meV.[106, 
107] Attempts to use the O’Donnell expression to deseribe the temperature 
dependenee of the absorption peak Eg{T), were not successful.
Further analysis o f the PL temperature dependenee ean be undertaken by 
consideration of the PL FWHM. This shows a signifieant narrowing with redueing 
temperature from -  134 meV at 300 K to -44  meV at 3 K, Figure 29(a). Lewis et al 
observed similar behaviour whieh was fitted using the expression shown in 
Equation 4.11.
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Figure 29: (a) Temperature dependence of the PbS NCs PL full width half maximum 
(FWHM). The red and green lines represent fitting using Equation 4.11 with a = 0 eV/K 
and a = 60 peV/K, respectively, (b) Normalized integrated PL intensity (square) and PL 
peak intensity (circle) as a function of temperature.
FWHM = Tinf, + a T +  Equation 4.11
Equation 4.11 can be divided into 3 terms where the first term represents the 
inhomogeneous PL linewidth at 0 K, the second term accounts for the interaction of
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the exciton with acoustic phonons, and the last term represents exciton LO-phonon 
interaction. In Figure 29(a) the solid red line shows the best fit (R^ = 0.996) using 
Equation 4.11 obtained with Finh = 44.3 ± 0.6 meV, oc = 0 meV/K, P = 178 ± 0.8 
meV and E w  = 21.1 ± 0.9 meV. It is noted that in setting a = 0 meV/K this suggests 
that the role o f acoustic phonon interaction is minimal in the PL o f PbS NCs. 
Attempts to include such an interaction by setting a  ~ 60 peV/K [91, 95] greatly 
reduced the quality o f the fit in particular at higher temperatures. Previous reported 
LO-phonon energy values for 3 nm diameter PbS NCs, measured by Raman 
spectroscopy [106, 107], are found to be close to the bulk value of 26 meV. 
Furthermore, the value of E w  {21.1 meV) was close to the value obtained by fitting 
o f PL peak energy using Equation 4.10 (24 meV). Attempts to use Raman 
spectroscopy to directly measure E w  were unsuccessful due to presence of 
fluorescence dominating the collected signal. The strong influence o f LO-phonon 
interaction has been previously associated with enhanced local electric fields which 
in the case o f PbS NCs may arise from the presence o f a permanent internal dipole 
or trapped charges within the NC. Again this would agree with the experimentally 
large values of S  that imply such localization o f charge carriers mentioned above. 
Indeed the presence o f internal dipoles within NCs has been implicated with the 
formation of one-dimensional structures [83, 108, 109] and in facilitating charge 
transfer at interfaces. [110]
To further understand the relationship o f temperature dependent eleetron-phonon 
coupling in PbS NCs, the PL peak intensity, and PL integrated intensity can be 
analysed. Figure 29(b) shows the PL emission intensity, Ipl{T) obtained by 
integration o f the full PL spectrum as a function o f temperature. Also shown in 
Figure 29(b) is the PL peak intensity as a function o f temperature. Both sets o f data 
have been set equal to one at 3 K with other temperatures shown relative to this. 
Furthermore, each of the PL spectra has been corrected to take into account the 
temperature dependence of the 808 nm pump absorption. The significant difference 
of both the integrated and peak PL intensity between 300 K and 275 K was 
reproducible. Some reports of the PL intensity for temperatures above 50 K imply
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that the shallow trapping o f excited charges in NCs can occur and influence the PL 
peak intensity. [93] However in contrast there exist other reports in which this is not 
observed.[95] As is seen in Figure 29(b) the integrated PL intensity peaks at -150 
K. However, unlike the report of Gaponenko et al, the integrated PL intensity 
remains constant at temperatures < 150 K. This may be due to their usage o f a 1 eV 
excitation energy in their experiment (which shows a very strong absorption 
temperature dependence) and also that the in PbS NCs are encapsulated within a 
glass matrix thus potentially giving rise to a temperature dependent strain effect. [91] 
The observed increase in PL intensity (or lack o f any reduction [91]) as temperature 
is increased from 3 K also indicates that non-radiative relaxation o f the excited state 
is not significant.
4.4.3. Analysis of PbS NC Temperature Dependent Stokes Shift
The Stokes shift can be defined as the energy difference between the maximum of 
the first absorption peak and the maximum of the PL emission peak. After the 
electron is excited from the valence to the conduction band via absorption, the 
Coulomb attraction between it and the hole leads to the formation o f an exciton. In 
forming the exciton the electron loses energy (due to excitation above the bandgap) 
non-radiatively through phonon interactions. The energy of the exciton formed is 
then further reduced by the Coulomb attraction energy and local reconfiguration of 
charges within the NC. This results in the measured exciton energy (obtained from 
PL studies) being lower than the energy required to create the excited state 
(obtained by absorption studies) and thus the Stokes shift. In previous studies of 
PbS NCs researchers have often assumed that the Stokes shift is independent o f the 
temperature.[91, 97] This is clearly different from the behaviour observed where 
Eg{T) and Epl{T) plotted together in Figure 30 show opposite dependences as the 
temperature is varied. Similar behaviour has also been reported elsewhere, which 
demonstrates that a temperature independent Stokes shift cannot be applied in all
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cases.[95] The temperature dependence of the PbS NCs Stokes shift, AEs{T), is 
shown in Figure 30 (right axis) obtained by using Equation 4.12:
Equation 4.12
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Figure 30: Temperature dependent PbS NCs Eg(T) (squares), Epi{T) (circles), and Stoke 
Shift, AEs{T), (diamonds). The green line represents a linear fit of the Stoke shift for 
temperatures > 125 K.
The PbS NCs Stokes shift at 300 K is ~ 75 meV and upon reducing temperature to 
125 K increases linearly at ~ -300 peV/K (green line in Figure 30) to -  130 meV. 
As the temperature is reduced further below 125 K, the Stokes shift remains 
constant until at very low temperatures (3 K), where a small reduction is observed 
due to saturation of the PbS NCs PL redshift whist the absorption continues to shift 
to lower energy. Note that the 130 meV Stokes shift observed at temperatures below 
125 K is close to that previously reported (150 meV) for PbS NCs with diameter of 
4.2 nm at 10 K [96].
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There are several effects that can contribute to a temperature dependent Stoke shift 
typically relating to the physical properties of the material system. In this case the 
excitonic binding energy will change due to dilation of lattice as the temperature is 
varied. A theoretical treatment by Kang et al reported that for PbS NCs with 
diameters between 14 nm and 3 nm, the exciton Coulomb binding energy, Ecouh 
yields value in the range -20 to -100 meV. At 300 K specifically for a 4 nm 
diameter NC the binding energy was predicted to be —70 meV obtained from 
absorption spectra [70] which is close to the value of AEs(T), measured at 300 K, 
Figure 30. Interestingly, the linear thermal coefficient o f the PbS NCs is also close 
to the reported value of bulk PbS in this temperature range.[lll] Furthermore by 
fitting an expression to these values followed by integration from temperature of 
300 to 3 K predicts a reduction in NC diameter o f only 0.04 nm from 4 nm at 300 K. 
Therefore whilst Ecoid is a significant contribution to the Stokes shift [70] and the 
very small NC diameter temperature dependence, it does not itself have any 
significant temperature dependence.
Another effect that may contribute to the Stoke shift temperature dependence is the 
variation of the electron and/or hole effective mass. Using the expression obtained 
from [112], a reduction of the effective mass o f electrons and holes from me*(300K) 
= rrih {300K) =  0.09 to me (OK) = mh {OK) =  0.075 is predicted. From the effective 
masses model [113] this small decrease in the effective masses arises due to 
variation of the confinement energy of the NC following consideration of Econu
Also taken into account is a potential variation in the exchange interaction energy 
between electrons and holes. This is predicted by Kang et al [70] for PbS NCs of 
diameter 4 nm at 300 K to be around 10 meV and with the small changes in 
diameter with temperature does not vary significantly. Therefore this too does not 
appear to play an important part in the temperature dependence o f the Stokes shift. 
As a result the temperature dependence of the Stokes shift is most probably related 
to that of the eleetron-phonon coupling in these systems which is also invoked to 
explain the redshift of Eg{T) as the temperature is reduced. This is supported by
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AEsiT) saturating below -125 K (10 meV) when phonon interactions have been 
significantly reduced.
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Figure 31: Temperature dependent normalized amplitude o f the fast (Ai) and slow (A?) 
component of the PL lifetime decay.
Finally, we can consider the PL lifetime decay measurements and the observed bi­
exponential behaviour. Examining the contribution of both exponential components, 
it can be seen that the slow component (A2) dominates the PbS NCs emission at 
high temperatures (Figure 29). As temperature is reduced the relative contributions 
of the fast and slow components change until they become balanced at -100 K. 
Further reduction in temperature sees the slow component begin to dominate until at 
3 K no fast process is observed. Furthermore, this behaviour may be rationalized 
with that of AEs(T) and Epl(T)  in which the redshift of the PL starts to reduce below 
-125 K and the Stokes shift saturates. This type of behaviour is consistent with a 
model of emission originating from two states separated by a small energy barrier 
that may be thermally overcome, as discussed next.
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4.4.4. Model of Temperature Dependence PbS NC Stokes Shift
The above data analysis provides a eomprehensive picture of the temperature 
dependence of PbS-NC optical properties against which may evaluate a number of 
proposed models for the origin of the emission in PbS NCs. These typically evoke 
either emission from a dark excitonic state, from an intra-band trap state [95], or 
from surface states [114] that may be formed via a number of mechanisms. We note 
that it is non-trivial to assign such dark states to being triplet excitonic states as 
theoretical treatment has shown that in the related PbSe NC system this is only true 
in the presence of low spin-orbit coupling.[115] To provide support for the theory of 
emission from a dark emitting trap state within PbS NCs, Lewis et al suggested a 
plot o f absorption Eg{T) and PL Epl{T) as a function of temperature normalized by 
subtraction of equivalent energy obtained at 300 K [95] as shown in Figure 32 and 
described by Equation 4.13 to Equation 4.14.
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Figure 32: Temperature dependent absorption peak energy, Eg{T), and PL peak energy, 
Epi{T), normalized by subtraction energy at 300 K.
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AEg (T) =  Eg (T) — Eg(300K) Equation 4.13
AEpi(T) = Epi(T) — Epi(300K) Equation 4.14
It can be observed that EpiiT) shows a high (~ -87 meV) energy difference between 
high and low temperatures compared to EgÇT) (~ -37 meV). However, it shows also 
that AEpL starts to saturate at low temperature whilst AEg continues to linearly 
reduce. In CdSe NC systems where the PL displays a blue-shift as temperature 
decreases, such a plot reveals that at very low temperature the emission starts to 
become dominated by a triplet state emission.[116] As such in CdSe NC systems 
dAE{T)/dT changes in sign from positive to negative (referred as ‘hook’). Lewis et 
al have suggested that in PbS NCs the lack of ‘hook’ characteristic, reduces the 
probability that triplet state emission is the origin o f low-temperature PL.[1I7] PbS 
NCs display an overall red-shift in both PL and absorption with reducing 
temperature, as shown in Figure 32, giving rise to a negative value of AE{T) with a 
positive dAE{T)/dT. As such as the temperature is reduced to 3 K if  triplet state 
emission was then dominant no ‘hook’ would be expected but simply a small 
increase of dAE{T)/dT depending on separation between the bright and dark energy 
states within PbS NCs system.
4.4.5. 3-Level Rate Equation Model of PbS NC Stokes Shift Temperature 
Dependence
To provide further information regarding bright and dark energy states PL in these 
systems and the temperature dependence, a simple 3-level system was developed. 
Figure 33. In this 3-level system (Appendix A) Ni and N2 represent the steady state 
populations of a higher and lower energy state, respectfully, separated by an energy, 
(5, which is assumed to be temperature independent (based on discussion in section
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4.4.3 above). If  kgT > ô, the emission is dominated by recombination of the higher 
energy state if  the crossing rate, Aisc, between the two levels, is orders magnitude 
larger than the lower level radiative recombination rate (1/t2(J)). However, when 
kfiT < Ô, the emission becomes dominated by recombination o f the lower energy 
state as Ni < N2. It should be noted that the crossing rate Aisc must compete with the 
radiative emission rate from higher energy state {\!tj{T)). Based on the above data 
this means the Aisc should be larger than 10  ^ s"\ A value o f Aisc 10^  ^s'^  was selected 
and used in all subsequent model iterations. The use of a much lower value o f Aisc 
significantly reduces the fit quality (for example fitting for 10 s'  ^ shown in Figure 
34).
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Figure 33; Illustration of the three-level system used to model the PbS NCs PL temperature
dependence.
The calculated emission spectra can be obtained by solving the rate equations with a 
steady state temperature dependent population for each level, Ni(T), (Appendix A). 
These populations are then used to weight Gaussian functions, which are summed to 
give the predicted PL spectra according to Equation 4.15 to Equation 4.18. Due to 
the importance of eleetron-phonon interactions, the temperature dependent radiative
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recombination rates, 1/t,(7), are taken from a polynomial fit to the data in Figure 
24(b). Next each rate is multiplied with the temperature dependent population o f its 
respective level and used to weight each Gaussian curve, Gx{E,T). The total 
emission spectrum predicted for each temperature can be calculated by:
P L iE .T )  =  ^  N 2 (T )G 2 ( E , T \  Equation4.15
where
(E — E ( T '\ \  ^' Vf fftr) J Equation 4.16
and
^ 2  (£■, r )  =  e x p  ^ 0  Equation 4.17
In Equation 4.16 and Equation 4.17 value o f Eg{T) is obtained using Equation 4.13 
and o{T) is given by:
a  (T) = FWHM (T) / 2  ^ 2  ln(2) Equation 4.18
The FWHM temperature dependence is determined by using Equation 4.11. Thus 
the only free variables left are the crossing rate, Ajsc, and the energy level separation, 
Ô. The maximum value o f the generated PL spectrum (Equation 4.15) is obtained, 
PLmax{T), and can then be used to predict the temperature dependence o f the Stokes 
shift, given by:
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Equation 4.19
Plotting Equation 4.19 against the experimentally obtained Stokes shift as a function 
of temperature for chosen values of Aisc and ô then allows optimisation of the fitting 
parameters. Ultimately a least-squares fit routine is used to find the best fitting 
parameters.
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Figure 34: Fitting of Stokes Shift with different crossing rate Ajsc value lO'  ^s"' (red), 10^  s'* 
(green) and 10 s'^  (blue).
Figure 32 shows the predicted Stokes shift for a set value of <5 = 5 meV and for 
varying values of Ajsc. When Aisc is slower than the radiative recombination rate
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(obtained from the PL lifetime as ~10^ s‘ )^, a poor fit is obtained. Similarly when the 
rates are o f the same magnitude, though the fit is improved, there is still variation at 
low temperatures. It was found that increasing Aisc to 10^  ^ s'  ^ gives a reasonable fit 
to the PbS NCs Stokes shift at low and high temperatures. Any further increase in 
Aisc had no effeet thus Aisc was fixed at this value. Having fixed Aisc, the only 
remaining free parameter is the energy splitting of the high and low energy states, S. 
From the above analysis of the temperature dependent PL lifetime, we initially 
predicted this to be around 8.6 meV (100 K). Whilst the fit obtained by fixing the 
value o f Aisc = 10^  ^ s'  ^ and S = 8.6 meV (dotted red line. Figure 35) gives a 
reasonable fit, the low temperature regime shows deviation Ifom the data. Thus in 
order to obtain the best possible fit a value of â o f -6 .0  ± 0.3 meV (solid green line. 
Figure 35) was required. Reducing this further again results in the low temperature 
fit becoming poor (e.g. setting S = 1 meV, dashed blue line. Figure 35).
The value obtained for Aisc within the model should be considered with care. As 
may be observed in Figure 34 variation of Aisc by 6 orders of magnitude leads to 
only a small change in the fit at the low temperature extreme of the data set. Thus, 
to improve this 3 level rate equation model it is the best to obtain experimental data 
at lower temperatures <3 K though this is beyond current capability. The fact that 
the ‘best fit’ was obtained with Aisc set to 10^  ^ s'^  is likely to have resulted from a 
statistical minimum at this point. An upper limit for Aisc can be set at 10  ^ s'  ^ based 
on the fitting (Figure 34) and the need to compete with the radiative recombination 
rate fi-om the higher energy level.
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Figure 35: Fit of ^.E^T) (square) by using a 3-level rate equation from Appendix A by 
fixing value atvfwc = 10^  ^s'* and setting ô at 8.6 meV (dotted line), 6 meV (solid line) and 1 
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The value o f J  = 6.0 ± 0.3 meV obtained using this simple model can be compared 
to other literature reports of the excitonic exchange splitting energy in NCs. A 
theoretically predicted exchange splitting for PbS NCs with diameter 4 nm of -10 
meV has been proposed in close agreement with the value obtained from our 
analysis.[70] However, other reported experimental values of the exchange splitting 
yield much larger values ranging from -22 meV [91] and 37 meV [90] up to 100 
meV [115] and 150 meV.[l 18] The lower reported values (-22 meV and 37 meV) 
were obtained following a similar model as above though without a complete data 
set describing the entire temperature dependence of model parameters (e.g radiative 
lifetime of the states). Also, other reports that consider emission from a trap state 
claim that the separation energy between surface state and higher lying core states
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of undoped PbS NCs is -70  meV.[114] Such a value is an order magnitude higher 
than value of ô obtained above. Furthermore, it was also reported that the PL 
lifetime was 2 or 3 orders of magnitude faster than shown above (Table 9) and 
elsewhere.[73, 89, 91, 119] Upon close inspection o f the temperature dependent 
Stokes shift, FWHM, and PL intensity data above, it is believed that the emission 
reported originates from excitonic PbS NCs states and not such surface states.
Similar studies have been undertaken for PbSe NCs where the predicted exchange 
energy splitting is -11 meV.[115] This value is an order magnitude larger than 
experimental studies o f temperature dependence undertaken at much lower 
temperatures of 270 mK (which included polarized absorption and PL lifetime) 
where the exchange splitting in the system was determined to be -0.29 meV.[45] It 
is therefore possible that in the case of PbS NCs, the system exchange energy 
splitting might be much lower than 6 meV. To further resolve these issues it is clear 
that more detailed characterization of these systems is required at lower 
temperatures (e.g. <3 K) including in the presence o f applied magnetic fields 
supported by theoretical treatments o f the magnetic field interaction.
4.5. Summary
Optical characterisation of the temperature dependence of undoped PbS NCs has 
been presented in this chapter. The experimental studies presented included 
determining the temperature dependence of the absorption, PL, Stokes shift and PL 
lifetime on the same set of PbS NCs in the range o f 3 to 300 K. The temperature 
dependent optical studies show a redshift o f the first excitonic absorption peak from 
-1.072 eV (-1160 nm) to -1.033 eV (-1200 nm) and the PL peak from -1.000 eV 
(-1240 nm) to -0.910 eV ( -  1380 nm) with the reduction of temperature from 300 
K to 3 K. Furthermore, the PL lifetime exhibits bi-exponential behaviour at higher 
temperatures until single exponential behaviour is found at 3 K. The PL temperature
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dependence also implies that emission is phonon assisted with the emission intensity 
increasing upon raising the temperature from 3 K prior to reducing again above 
-150 K.
Analysis o f the experimental data indicates that all these parameters are strongly 
temperature dependent due to the presence o f eleetron-phonon coupling in optical 
transitions within the NC system. Several phenomological equations have been 
tested to describe the temperature dependence o f the absorption and PL. Fitting 
using Varshni equation was shown to result in questionable parameter values that 
deviate significantly from the experimental parameters they are associated with. 
Using expressions that included electron phonon coupling provided a measure of the 
longitudinal optical phonon energy E w  (~21 meV and -24  meV) both of which are 
close to the predicted value of -26  meV. We also concluded that the role o f acoustic 
phonon interactions were minimal upon describing the temperature dependence of 
the PbS NCs optical properties. We clearly demonstrate a temperature dependent 
Stokes shift which at 300 K is measured to be -  75 meV. This reduces to -  130 
meV at 125 K below which the Stokes shift is constant until at very low temperature 
(3 K) where there is a further small reduction. The temperature dependence has been 
successfully modelled using a three-level rate equation system supported by PL 
lifetime data which demonstrates bi-exponential behaviour above 3 K. Using this 
model we predicted that the energy separation between these two optically active 
states is around -6.0 ± 0.3 meV, close agreement with an expected value based on 
experimental evidence alone o f around -8 .6  meV. These values are within close 
alignment with theoretically predicted exchange energy splitting for 4 nm diameter 
PbS NCs oflO m eV .
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CHAPTER 5 
Magnetic Field Dependence of 
Undoped PbS Nanocrystals Optical 
Properties
The focus of this chapter is the effect o f an applied external magnetic field on the 
optical properties of undoped PbS NCs. This work will form the reference to which 
further studies on magnetically-doped PbS NCs will be compared. This work is a 
direct continuation o f the temperature dependent studies reported in chapter 4 and 
aims to provide further information regarding the of exchange energy observed in 
PbS NCs. Magneto-optical studies are undertaken in the temperature range o f 2 K to 
50 K using applied magnetic fields of between -7 T to +7 T. A degree of circularly 
polarised dichroism (DCP) is observed which upon analysis results in an exciton g- 
factor (gex) o f -0.54.
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5.1. Introduction
In recent year’s research towards understanding the effect o f external magnetic 
fields, B, on the properties o f NCs has become o f significant interest with NCs 
forming ideal systems to develop an improved fundamental understanding of spin 
phenomena within quantum confined systems. This research is motivated by a 
desire to understand fundamental spin effects in NCs and their resulting impact on 
optical and electronic states. Longer term this understanding may be applied to the 
use o f NCs in applications such as solid state spintronics and quantum information 
processing based on the use and control o f spin orientation and spin entanglement in 
fiinctional devices. [120-123] At present however, understanding o f the optical and 
electronic properties o f NCs under the effect of applied B still requires development 
and the objective o f this research is to provide further experimental evidence to 
assist with this.
Recently magneto-optical studies on undoped lead-chalcogenide NCs have emerged 
reporting a small Zeeman splitting and calculation o f the exciton g-factor, gg%.[40, 
124, 125] However, compared to studies on other NC systems (e.g. CdSe, ZnS, etc) 
significantly less research has been reported which may reflect the lower level o f 
theoretical understanding of the properties o f these systems including their 
temperature dependent behaviour discussed in chapter 4. Turyanska et al reported a 
study of the effect o f B on the PL o f PbS NCs using the Nijmegen High Field 
Magnet Laboratory providing access to fields o f up to 30 T.[44] In this study using 
temperature and wavelength dependent DCP measurements a value o f gex o f ~ 0.1 
increasing to -0.3 was found (below 10 K) for NCs o f diameter 9 nm to 4 nm, 
respectively. In contrast Long et al have reported calculated values o f gex o f -0.77 ± 
0.05 for 4 nm PbS NCs at 7 K.[51] These values o f gex may be contrasted with those 
reported for PbSe NCs of gex ~2 to 5 for radius of 2.3 to 1.3 nm.[45]
In this chapter a comprehensive magneto-optical characterisation of PbS NCs 
following a similar approach to that used in the study o f their temperature
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dependence is provided. This includes cireularly polarised absorption, PL and PL 
lifetime measurements at temperatures between 2 K and 50 K. Based on these 
measurements analysis o f the degree of magnetic circular dichroism (MCD) and 
degree of circular polarized (DCP) emission is obtained. These measurements are 
used to validate previously reported behaviour and provide improved experimental 
evidence in which some deviation from other reported behaviour is found. Using 
this analysis the effect of B on undoped PbS NCs enables ealculation of gex.
5.2. Optical Properties of Undoped PbS NCs in Zero Applied B
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Figure 36: undoped PbS NCs with zero applied B. (a) normalized absorption spectra 
obtained at 2 K and 3 K, (b) normalized PL spectra obtained at 2 K to 50 K, and (c) PL 
lifetime with laser system lifetime at 3 K.
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For this study PbS NCs were drop cast on to a cut microscopic slide instead o f the 
quartz slide used for temperature dependent studies to eliminate any birefringence 
effects relating to the substrate during the magneto-optic measurements. Likewise, 
ZnSe windows were used in the magnetie cryostat in place of sapphire or quartz. In 
Figure 36(a) the absorption spectra of the PbS NCs at 2 K and 3 K are shown at zero 
applied B. Although the same PbS NCs were used as in the temperature dependent 
studies the slightly different setup and substrate resulted in a small variation in the 
observed parameters from those observed previously. Again following the 
previously used practice, referenee spectra (microscope slide only) were obtained at 
eaeh temperature and used to obtain the absorption spectra.
The PbS NCs excitonic absorption peak appears at 1.076 eV (1152 nm) and 
1.068 eV (1161 nm) at 2 K and 3 K, respectively. The shift between the observed 
peak positions at 3 K and that reported in chapter 4 is -35 meV. The large shift of 
the absorption peak for same temperature (3 K) could be due to oxidation o f the 
sample as the preparation method was the same as that used in chapter 4. 
Meanwhile, the 2"  ^ absorption peak remains un-shifted at 1.33 eV for both 
temperatures and in line with that reported in chapter 4.
It can be seen that reducing the temperature to 2 K results in the 2"^ absorption peak 
becoming much clearer. Using these peak positions to calculate the NC diameter 
using the method reported in chapter 2 sections 2.4.1 yields a diameter o f -4 .0  ±0.1 
nm in agreement with our TEM analysis. The sudden emergence of the 2"^ peak 
upon slight cooling from 3 K to 2 K is interesting. It is not related to any increased 
confinement due to contraction of the NC diameter as we previously showed 
cooling from 300 K to 3 K had only a negligible effeet (chapter 4 seetion 4.3.1). It 
may therefore be due to modification o f phonon interactions (eleetron-phonon 
coupling) though this cannot be confirmed. Finally, absorption peak feature 
previously observed around 0.9 eV appears only as a shoulder in the 3 K spectrum 
whilst it drops out at 2 K.
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In Figure 36(b) the normalised PbS NCs PL spectra are provided for temperatures 
between 2 K and 50 K at zero applied B. All PL spectra were taken using the same 
laser power exciting at 808 nm with the laser operated in ‘constant power mode’. 
The spectra all show single Gaussian nature due to the inhomogeneous broadening 
resulting from the distribution o f NC diameters. Note that for 2 K, the measurement 
was taken on a separate occasion from the other spectra. The 2 K spectrum has a 
peak eentred at 0.913 eV (1132 nm) and shows a general red shift as temperature is 
increased to 0.922 eV (1143 nm) at 50 K. Table 10 summarizes the results of 
Gaussian fitting to the PL spectra shown in Figure 36.
Table 10: Result of the PbS NCs PL Spectra Gaussian fits at zero B
Tem perature 2 K 3 K 10 K 25 K 50 K
PL Peak 1358 1361 1358 1352 1344
(nm)
PL Peak 0.913 0.911 0.913 0.917 0.922
(eV)
FW HM 56.6 49.2 49.7 50.4 5 2 j
(meV)
Area (meV) 96 83.1 84.2 85.5 89.8
Finally, Figure 36(c) shows the PL decay measured at 3 K showing a single 
exponential decay with ti = 6.57 ± 0.19 ps in agreement with that reported in 
chapter 4 (ti = 6.55 ± 0.07 ps). The system response recorded at this temperature 
was found to be around - 1 0 0 n s  and was independent o f B.
The above data relates to unpolarised absorption and emission and acts as a 
reference for the results presented below. Measurements of polarisation dependent 
absorption and PL at zero applied B resulted in identical behaviour thus we 
conclude that there are no intrinsic magnetic effects yielding polarization effects in 
the PbS NCs
5.3. Magneto-Optical Studies of PbS Nanocrystals
We now present detailed magneto-optical studies o f the PbS NC system presented 
above. It is worth recalling the experimental procedures used. We first note that in 
taking these measurements when ehanging the magnitude of B at slow rate was used 
(0.05 T/min) and prior to taking spectra it was ensured that the temperature had 
stabilised. In particular, due to the effect o f heating o f the sample by the laser, 
during temperature stabilisation the laser was kept at constant power whilst 
irradiating the sample. Furthermore, the use o f constant power operation o f the laser 
ensured that the effeet of any stray B on the diode laser did not result in variation of 
the excitation intensity as the field was varied. Such effects were negligible during 
absorption measurements due to the use o f the much weaker incoherent source (see 
experimental chapter 3.4). In the absorption measurements, reference spectra were 
obtained not only for each temperature but for each value o f applied B measured. 
Finally, to characterise left and right eircular polarisation the quarter-wave plate and 
analyser were set to a fixed angle (-45°) and not changed throughout the 
experiment. The left and right polarisation was then analysed via sweeping o f the B 
from negative to positive fields. All measurements were carried in the Faraday 
geometry unless stated.
5.3.1. M agneto-Absorption
Figure 37(a) shows the magneto-absorption o f PbS NCs at 2 K where left circularly 
polarised light is labelled o- (obtained using a negative B sweep) and right 
circularly polarised light is labelled a+ (positive B sweep).
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Figure 37: Circular polarized absorption of PbS NCs at 2 K and 3 K as a function of 
magnetic field.
It can be seen that as the magnitude of B is increased from zero the a- absorption 
increases whilst o+ decreases. It is notice that the background absorption also 
changes with applied B thus it is possible that refractive index of PbS NCs film a 
dependence upon B. this would than lead to reflection of the PbS NCs film changing 
as B is varied. However, we will return to this issue later when discussing B 
dependence PL. Close analysis reveals that the position of the o- and o+ and 2"^
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excitonic absorption transition are identical, centred at 1.076 eV (1151 nm) and 1.33 
eV (935 nm) respectively, and do not move as B is increased. Figure 37(b) shows 
the same data obtained at 3 K in which the and 2"  ^excitonic transitions are again 
found centred at 1.07 eV (1158 nm) and 1.33 eV (935 nm). The low energy feature 
at -0.93 eV (1333 nm) remains observable in the 3 K spectra and appears to be 
independent of polarisation or B magnitude.
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Figure 38: Intensity of the o- and o+ T* excitonic absorption peak (a) and (b) the absolute 
difference, A/^^, of the o- and a+ 1 excitonic absorption peak for PbS NCs at 2 K and 3 K 
as a function of applied B.
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Figure 38(a) shows the variation in intensity of the a- and 0 + excitonic 
absorption peak with applied B at both 2 K and 3 K. Figure 38(b) shows that 
difference between the a- and a+ intensity at the same temperatures. It can be seen 
that a linear dependence o f the absorption strength of the a- and 0 + absorption, Ubs, 
is seen as B is varied. Taking the difference of the o- and a+ absorption strength, 
^Abs = (jAbs{^-) - ^6j(G+)), enables the effect o f temperature on the B-dependence to 
be further elucidated. There is a clear increase in the gradient of the linear fit (at an 
applied B o f 4 T and higher) as the temperature is reduced from 4.61 ± 0.06 a.u./K 
at 3K to 5.90 ± 0.22 a.u./K at 2K. This indicates that the variation in absorption 
intensity above 4 T may also be related to Zeeman splitting o f the ground state 
increasing above the thermal energy at 3 K (0.25 meV). However, the clear 
dependence of MAbs on B below 4 T shows additional factors must also be 
responsible for the observed behaviour.
For completeness Figure 39(a&b) shows the circularly polarized transmission 
spectra o f the microscope slide, upon which the PbS NCs were deposited, as a 
function of B. These spectra were used to obtain the PbS absorption spectra shown 
in Figure 37. Whilst the lineshapes are identical for both o- and a+ polarisations 
they vary in intensity due to partial (linear) polarisation o f the monochromatic light 
source by the grating in the monochromator. In the absorption spectra presented this 
effect is taken into account (i.e. subtracted) by the use o f these individual reference 
spectra.
Our method of obtaining the o- and a+ absorption relies on fixing the angle between 
the quarter-wave plate and analyser and sweeping from a negative field to positive. 
Changing the angle between the quarter-wave plate and analyser by 90° and 
sweeping B from a positive to negative should therefore result in the same data 
(with the a- and a+ spectra now given by sweeping from 7 T to -7 T). To test this 
repeatability Figure 40 shows the result o f such an experiment. It can be seen that as 
expected a negative B results this time in a lowering o f the absorption intensity and 
vice versa for positive B.
92
OT
0.53 K5.00E-009 -
7 Tesla
^  4.00E-009-
05 212.5 
3 1
3.5 
4 1
4.5 
5T
5.5 
6T
6.5 
7T
Co 3.00E-009 -
B- Tesla
O 2.00E-009- (/)
<
1.00E-009-
0.9 1.0 1.1 1.2 1.3 1.4 1.5
Energy (eV)
7.00E-009
OT
-0.5
6.00E-009
-1.5
-2T
-2.5
-3T
-3.5
-4T
-4.5
-5T
-5.5
-ST
-6.5
-7T
5.00E-009
-7 Tesla
4.00E-009
^  3.00E-009
0 Tesla
2.00E-009
1.00E-009
0.9 1.0 1.1 1.2 1.3 1.4 1.5
Energy (eV)
Figure 39: (a) and (b) Transmission spectra of a blank microscopic slide substrate as a 
function of B.
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5.3.1.l.M agnetic C ircular Dichroism (MCD)
Previous reports relating to circularly polarised absorption of PbSe NCs [45]have 
demonstrated measurable MCD at B fields below 7 T and at a temperature of 1.5 K. 
The resulting Zeeman splitting was calculated to be ~1 meV corresponding to the 
thermal energy at -12 K. To date no reports of any similar effect in PbS NCs exist. 
Using the data presented above, obtained at 3 K, the MCD was calculated using 
Equation 5.1:
MCD (A) =  AyM)s(A) =
OAbs(^~+Ubs(^^)
Equation 5.1
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where lAbsO- 'and UbsO" ^ represent the left and right circular polarized absorption 
spectra. However, in our analysis we were unable to detect any MCD behaviour 
even at high B and low temperature.
5.3.2. Magneto-Photoluminescence
We now present magneto-PL spectra obtained using unpolarised 808 nm excitation 
and collection in the Faraday geometry. Again the angle between the axis of the 
quarter-wave plate and analyser was fixed and B swept from -7 T to 7 T to obtain 
the a- and o+ circular polarized PL. All spectra are corrected for the system 
response and also the varying absorption intensity of the 808 nm excitation with B 
and temperature.
Figure 41(a-e) shows corrected o- and o+ circular polarized PL spectra of PbS NCs 
as a function of the applied B, sweeping from 7 T to -7 T, at various temperatures in 
the range of 2 K to 50 K. A schematic of the experimental setup is provided in 
Figure 41(f) in which a positive B gives arise to a- polarized emission and negative 
B to o+ polarized emission. Upon Gaussian fitting o f the 2 K PL spectra, the PL 
peak at 0 T is centred at -0.924 eV with a FWHM of -32.4 meV. Upon applying a 
positive B the PL intensity can be seen to reduce by up to -32  % at 7 T whilst an 
increase in PL intensity o f around -36  % is observed when -7 T is applied. Upon 
comparison o f the spectra obtained at ±7 T no obvious variation in peak position is 
observed though more detailed analysis (presented below) reveals a small shift. This 
is in agreement with the report o f Turyanska et al when a field o f 30 T was required 
in order to readily observe any such effect. Repeating these measurements as the 
temperature is increased to 50 K reveals that the intensity ratio o f the a-/a+ PL at 7 
T increases as the o+ emission switches from being suppressed to enhanced with 
respect to the 0 T PL intensity. The importance o f taking into consideration the 
variation of excitation pump absorption with both temperature and applied B is
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demonstrated by comparing the results presented in Figure 41 with those in Figure 
42 which show the uncorrected data.
It should be noted that the 0 T PL was recorded with the quarter-wave plate and 
analyser in place. At 0 T the PL would be randomly polarised (assuming the 
emitting states are degenerate in energy) thus the total PL intensity will be more 
than twice that shown in Figure 41. This is due to the quarter-wave plate turning 
randomly polarised light into circularly, elliptically, and linearly polarised light 
depending on the incident polarisation o f each photon with respect to its fast axis. 
The analyser then only selects those components that are linearly polarised with 
respect to its axis (including the appropriate proportion of any incident elliptically 
polarised light). It is therefore possible, as observed, for the intensity of both the a+ 
and a- polarised PL recorded to be greater than the PL intensity obtained at 0 T as B 
increased and the emission becomes preferentially polarised. Analysis o f the PL 
FWHM as a function of applied B shows no discernible effect implying that the 
eleetron-phonon interactions discussed in previously chapter 4.4 are not effected by 
B.
The changes in circular polarised PL intensity observed as temperature is varied 
indicate that any dependence of film refractive index with applied B must be 
counted by a stronger thermal dependence. Whilst, this cannot rules out it would be 
unexpected that such a small changes in temperature (e.g. when increasing from 3 K 
to 10 K) would lead to a dramatic modification of the circular polarised PL 
intensity.
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Figure 41: (a-e) corrected a- and o+ circular polarized emission of PbS NCs at 2 K, 3 K, 10 
K, 25 K and 50 K. (f) illustration diagrams represent Faraday configuration used for 
measuring the magneto-PL (viewed from the source).
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Figure 42: (a-e) un-corrected o- and o+ circular polarized emission of PbS NCs at 2 K, 3 K, 
10 K, 25 K and 50 K.
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The circularly polarized (corrected) PL intensity, In ,  is plotted in Figure 43(a-e) as 
a fiinction o f B at 2 K to 50 K. The intensities of the o- and o+ circularly polarized 
emission increase approximately linearly for temperatures above 10 K. As the 
temperature rises the difference between the a- and o+ intensity seems to reduce 
significantly due to thermal effects. At much lower temperatures (i.e. < 3 K) 
changes in I n  can be observed immediately upon raising B from 0 T. The Ipl of a- 
increases linearly with B whilst Ipi of o+ reduces as the B is raised.
For completeness Figure 43(f) shows the difference o f the o- and o+ PL intensity, 
A/pi, plotted for each temperature. This is analysed in further detail below. Figure 
44(a-e) shows the same data obtained from the uncorrected PL spectra. In this case 
it is seen that the o+ Ipp always reduces with increasing B and remains opposite 
from the o- Ipl even at higher temperatures until at 50 K where a+ Ipp increases at 
high applied B. All temperatures again show an increase in A Ipp as B is increased 
above 2 T except for the 50 K data which starts at a much lower B field.
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Figure 45 displays the a+ and a- polarized PL peak position as a function of B for 
each temperature measured (2 K to 50 K). Whilst initial inspection o f the PL spectra 
appears to show no shift in peak position energy as B is increased (Figure 41(a)-(e)) 
upon further analysis involving fitting each spectrum with a Gaussian fiinction, a 
small shift becomes apparent. This can be seen in Figure 45(a) where at 2 K there is 
a red-shift of the a+ polarized PL peak and blue shift of the a- polarized PL peak. 
This behavior can only be seen at lower temperatures and as the temperature is 
increased (i.e. above ~20 K) both the o+ and a- polarized PL peak shifts to a lower 
energy with increasing B (Figure 45(d)-(e)). The difference between the o+ and o- 
polarized PL peak for all temperatures is plotted as a function of B in Figure 45(f). 
As the temperature rises the difference in PL peak position as function of B is 
reduced. This is predicted as the degree of circular polarization starts to decrease as 
the temperature is increased due recombination process and spin relaxation 
processes become more probable. Thus the dependence o f circular polarization on 
temperature is interpreted by the dependence of spin relaxation time with 
temperature as previously reported. [126]
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5.3.3. Magneto-Photoluminescence Lifetime
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Figure 46: c+ and a- polarized PbS NC PL lifetime as a function of applied B at 3K.
PL lifetime decay measurements undertaken at 3 K (Figure 46) clearly show a 
decrease of the PbS NCs PL lifetime with magnetic field for both o+ and o- 
polarizations. As reported in chapter 4 the measured lifetimes showed only single 
exponential decay at this temperature due to the dominance of the lower energy 
emitting state. The system response (xsys ~ 100 ns) is orders of magnitude faster than 
the measured lifetime and has no B dependence. The PL lifetime (fit using Equation 
4.7) at 0 T was found to be 6.57 ± 0.19 ps in agreement with that reported in chapter 
4.3.3 of 6.55 ± 0.006 ps.[127] A distinct asymmetry is observed between the B 
dependence of the two polarizations. As B is increased the o- polarized PL lifetime 
reduces to 4.36 ± 0.058 ps at -7 T representing a 33% reduction from that measured 
at 0 T. Whilst the o+ polarized PL lifetime also reduces, it does so to a lesser extent 
(to 5.64 ± 0.138 ps at 7 T) of only 14% compared to the 0 T PL lifetime. In
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particular, for the o- polarization the PL lifetime shows a continuous steep decrease 
as B is increased from 3.5 T to 7 T. In contrast, the o+ polarization PL lifetime 
shows an initial decrease before it increases again over the same range o f B. 
Schaller et al has observed a similar effect where the PL lifetime decreases with 
applied B. They also conclude that it becomes dominated by thermal effects at 
higher temperatures (> 10 K) where the PL lifetime shows no B dependence. [45] 
However, it should be noted that their study concerned un-polarized PL decay 
which doesn’t distinguish between o- and o+ circular polarization. The reduction of 
the PL lifetime with increasing B for both the a- and a+ circularly polarized PL may 
be due to mixing o f dark and bright exciton states as reported for CdSe NCs.[128]
5.4. Magnetic C ircular Polarized Luminescence
Using the data in Figure 43 and Figure 44 the degree of circular polarisation (DCP) 
may be obtained using Equation 5.2:
Where 7/>xc- and Iplcs+ both represent the PL spectra peak intensity. Figure 47 
shows the calculated DCP of PbS NCs as a function o f B at temperatures ranging 
from 2 K to 50 K. As shown in Figure 47(a) the DCP displays a strong temperature 
dependence varying from a maximum of 33 ± 2% (at 2 K and 7 T) down to 1.3 ± 
0.2% (at 50 K and 7 T). Also shown in Figure 47(b) is the DCP calculated using the 
uneorrected PL data presented in Figure 44. Compared to the corrected data they 
display a lower DCP yielding a maximum value at 2 K and 7 T o f 29 ± 2.3%. 
Additionally, at lower applied B (e.g. < 2 T) the DCP shows weaker temperature 
dependence (with the measurements at 10 K and 25 K being hard to discriminate). 
This further supports the need to take full account of the dependence o f the 
absorption on B. Also observed, a better fitting of the DCP (described below and
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shown as the dashed lines) results in the case of the corrected PL emission rather 
uneorrected emission.
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Figure 47: Degree of circular polarization of PbS NCs at different temperature and B (a) 
with and (b) without excitation correction. Dash colour lines represent model fitting by 
using Equation 5.5 at various temperature.
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The DCP may be analysed quantitatively using the semiclassical model of 
Chamarro et al [129]. The origin o f the circularly polarised emission is based on 
the Zeeman splitting o f the degenerate exciton state as B is increased resulting in 
two levels with total angular momentum of +1 and -1. The magnitude of the 
Zeeman splitting, t^ Ezeeman, is given by:
^Ezeeman = 9exl^B^ COS 6 Equation 5.3
where gex is the exciton g-factor which can be expressed as the difference o f the 
electron and hole g-factors {gex =\ge -  gh\), 9b is the Bohr magneton, and 6 represents 
the angle between B and the preferential axis o f polarization of the NC. It can be 
shown that the DCP can be obtained, taking into account the random orientation of 
NCs, using [130]:
Equation 5.42kBT
2-COS 0tanhfc sin
D C P  =  ^
e a e
/- l+ c o s 6  sinOdd 1+ —■'0 Tr
Equation 5.5
where, is and Tj- are the time spin relaxation time and radiative lifetime, respectively. 
The later of these values can be taken from the experimental results presented in 
chapter 4.3.3 as the PL lifetime measured a 3 K, t i  = 6.55 ± 0.01 ps. Reports in the 
literature vary between inclusion and exclusion of the effect o f the random 
orientation of the NCs. In the case where it is excluded Equation 5.5 reduces to as 
suggested in in ref [46]:
DCP =  tanh(/c) Equation 5.6
Using the data in Figure 47(a) a least squares fitting was performed to Equation 5.5 
to obtain gex and Xg. At all temperatures Xg was found to be o f the order 10'^^ s. The
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values o f gex obtained at each temperature are shown in Table 11 and result in an 
average value o f gex = 0.54. By excluding NCs orientation within the system, fitting 
with Equation 5.6 yield average gex = 0.28. Whilst gex has been shown to be 
dependent on NC diameter it is not expected that gex should be temperature 
dependent as we demonstrate above that thermal dilation of the NC has a negligible 
effect on the degree o f quantum confinement.
For completeness, fitting of the uneorrected DCP data (Figure 47(b)) typically 
yields lower values o f gex with significantly increased variation as shown in Table 
11. In particular the value of gex obtained using the uneorrected 10 K data (gex = 
0.34) shows significant variation from that at other temperatures. Also noticeable is 
lack of any DCP at 50 K in the uneorrected data. Again this analysis emphasises the 
importance of ensuring the absorption corrected data is used during analysis.
Table 11: Summary of gex values obtained from least square fitting of Equation 5.5 to DCP 
data obtained from PbS NCs with and without correction for the variation of excitation 
pump absorption with applied B.
Temp. Excitation Correction Sex Fit correlation
2K Without 0.50 0.977
With 0.53 0.982
3K Without 0.50 0.971
With 0.50 0.949
lOK Without 0.34 0.947
With 0.34 0.983
25K Without 0.58 0.981
With 0.59 0.972
50K Without n/a n/a
With 0.74 0.992
Average Without 0.50 0.954
With 0.54 0.976
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Figure 48: Dependence of the PL polarization from undoped PbS NCs on 
dimensionless variable (jlibBÆbT) with absorption correction.
To improve the quality of fitting, Figure 48 shows the data presented in Figure 47 
plotted using the normalised axis Using Equation 5.5 fitting of the data in
Figure 48(dash line) results in a value of gex = 0.58 and is ~ 10'^  ^ s. Again a very 
good fit is obtained which is expected in this relatively low-field regime. By using 
Equation 5.5, we found that the fitting parameter for spin relaxation time, is is 
limited due to the availability of experimental data at high B. As previously 
mentioned, when fitting the temperature dependence of the Stokes shift the values 
obtained represent a statistical minimum in the parameter fitting space. Turyanska et 
al reported value of Xs/ir = 0.8 again supporting the indication that the spin 
relaxation time is of similar magnitude to the radiative relaxation time in their 
studies.[44] However, when this value was used in fitting the observed DCP a poor 
fit was obtained. As a result, whilst the value of is obtained statistically may be too
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large we find that to provide a reasonable fit to our data it must be faster than the 
radiative recombination time. Where their magnitude o f B used up to 30 T.[44] 
Thus, it is suggest that to improve the DCP fitting it is best to obtain experimental 
data at much high B and also at much lower temperatures (< 2 K). However, such 
conditions could not be achieved using the available experimental set-up and is left 
for future work.
The comparison of the obtained values of gex for undoped PbS NCs with those of 
other groups is now possible. Turyanska et al reported a DCP at 55 K around -5%  
at 7 T with average size o f PbS NCs ~4 nm [44]. They also manage to report that gex 
of PbS NCs increases fi-om 0.1 to 0.3 as the NC diameter is decreased from 9 nm to 
4 nm. This value of gex = 0.3 for 4 nm NCs is in below with the value obtained in 
this study {gex = 0.54) when the variation of NC orientation to B is taken into 
account. Long et al measured a DCP of 25% for ~4 nm undoped PbS NCs at 
temperature 7 K and B at 7 T [51]. Based on their results they calculated a gex for 
PbS NCs of 0.77 ± 0.05. This value is above that, though close to, the value 
obtained in this study = 0.54.
5.5. Summary
Detailed magneto-optical characterization of undoped PbS NCs has been presented 
in this chapter. Experimental study of the absorption, PL and PL lifetime 
dependence on B up to 7 T at temperatures between 2 K and 50 K has been 
undertaken. The circular polarized magneto-absorption o f PbS NCs shows a 
dependence on B with respect to intensity though no corresponding shift in 
absorption peak is observed. Likewise, magneto-PL studies show a PL peak 
intensity dependence on B with close analysis giving evidence for a small shift 
(~1.84 meV) of the PbS NCs PL peak position. The difference between the a+ and 
a- polarized PL peak position is observed to decrease (from -1.83 meV to -0.02
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meV at highest magnetic field (7 T)) as temperature is increased from 2 K to 50 K. 
PL lifetime decay (3 K) measurements display a decrease in lifetime from 6.57 ± 
0.19 ps at 0 T, to 4.36 ± 0.058 ps and 5.64 ± 0.138 ps for the a- and <j+ signal 
respectively. Analysis of the experimental data indicates a strong magnetic field 
dependence on the properties of the undoped PbS NCs with significant DCP 
observed reaching -33 ± 2% at 7 T (2 K). In undertaking such analysis the 
importance of ensuring the effect of B on the PbS-NC absorption has been clearly 
demonstrated. By using a semiclassical expression to fit the DCP data, the excitonic 
g-factor was found to be gex = 0.54 when random alignment of the PbS-NCs with 
respect to B is assumed.
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CHAPTER 6 
PbS Nanocrystals Charge Transfer 
Study with Donor and Acceptor 
Complexes
In this chapter the optical properties o f colloidal PbS NCs in solution have been 
measured in the presence of donor and acceptor molecules tetrathiafulvene (TTF) 
and tetracyanoquinodimethane (TCNQ) to determine the capability for charge 
transfer. Optical studies o f donor (TTF) or acceptor (TCNQ):PbS NC systems 
including absorption, PL and PL lifetime, measurement at room temperature, are 
used to demonstrate that charge transfer does occur. This work indicates that it may 
be possible to achieve charge induced magnetism in doped PbS NCs using 
donor/acceptor complexes.
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6.1. Introduction
Studies o f energy transfer mechanisms such Forster resonant energy transfer 
(FRET) have been o f much interest in semiconductor colloidal NCs. However, 
Dexter or charge exchange transfer mechanisms also play a major contribution to 
the properties o f hybrid organic-inorganic systems especially those incorporating 
NCs. For example the use of organic-inorganic hybrid systems in OPV devices is an 
area of intense study due to the ability to tune their optical response. Current organic 
devices are typically limited to absorbing light at energies above -1.5 eV (-850 nm) 
again due to the nature o f the tt-tt* optical states. As a result a significant proportion 
of the solar spectrum cannot be utilised for photovoltaic energy generation in these 
devices. The use o f organic-inorganic hybrid NIR absorbing systems in these 
devices therefore enables this untapped energy to be accessed. Despite this, many 
OPV devices incorporating NCs have used Cd-based NCs (e.g. CdS, CdSe, CdTe) 
and have therefore not utilized longer NIR wavelengths. A study by McDonald et 
al. [131] and Maria et al [132] have demonstrated the use of PbS NCs in 
conjunction with the polymers poly[2-methoxy-5-(2-ethylhexyloxy)-l,4- 
phenylenevinylene] (MEH-PPY) and poly(3-octlythiophene) P30T in devices 
demonstrating NIR sensitization. This work in polymer-based OP Vs has been 
further developed using small molecule containing OPV devices containing PbS 
NCs.[133]
When considering the development of hybrid organic-inorganic systems for such 
applications, it is important to understand the interaction o f the constituent species 
and how they affect the optical and electronic properties of devices utilizing them. 
In particular, the operating characteristics of these devices are determined by the 
energy and charge transfer processes between the materials. Work within the group 
has previously reported studies aimed at providing a more detailed understanding o f 
their interactions including direct measurement o f PbS NC electronic energy levels 
[83], and the interaction between PbS NCs with acenes [110] and fullerenes. [110]
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Within this chapter we present further work relating to the interaction between PbS 
NCs and two well-known electron donating and accepting molecules, 
tetrathiafulvene (TTF) and tetracyanoquinodimethane (TCNQ), respectively. 
Measurement o f the photoluminescence (PL) o f PbS NCs with TTF indicates that 
the highest occupied molecular orbital (HOMO) of TTF is closely aligned with PbS 
NC Ish energy level. Whilst in the case o f PbS NCs in the presence o f the acceptor 
molecules (TCNQ), the direct quenching o f the PL o f PbS NC is observed. The 
absorption spectra of PbSiTTF and PbSiTCNQ mixture are taken to observe the 
indirect quenching from ground state of PbS to TCNQ charge transfer mechanism.
6.2. Optical Studies of PbS Nanocrystals with Donor and Acceptor 
Complexes
6.2.1. Absorption
The normalised absorption spectra o f TTF, TCNQ and PbS NCs dissolved in 
toluene are shown Figure 49. The PbS NC absorption is similar to that previously 
reported [134] exhibiting strong absorption extending into the near-infrared (NIR). 
The first excitonic absorption peak of PbS NCs appears as shoulder around -1000 
nm with a second peak found around -850 nm. The absorption spectrum of TCNQ 
and TTF are similar to those reported elsewhere [135, 136]. Two excitation 
wavelengths 808 nm and 458 nm have been chosen for the PL measurements 
discussed. From Figure 51 it can be seen that 808 nm excitation will only excite the 
PbS NCs, whilst the 458 nm excitation is able to be absorbed by higher energy 
states of PbS NCs, and also TCNQ and TTF.
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Figure 49: Normalised absorption spectra o f PbS-NCs, TTF, and TCNQ dissolved in 
toluene. Inset shows the same data using a logarithmic axis.
Furthermore in Figure 50 show normalized absorption spectra for both PbS:TTF and 
PbS:TCNQ solution with both donor and acceptor having same relative 
concentration with respect to the PbS NCs. It is seen that the PbS:TTF solution 
retains the strong NIR PbS NCs absorption whilst the PbS:TCNQ solution does not. 
As shown later if the ground state charges transfer occurs between the PbS NCs and 
TCNQ then the NCs can no longer absorb via the Ise -  ISh transition but rather by 
the TCNQ LUMO-lSe level. Due to the loss of this electron transition from Isg -  ISh 
the PbS NCs NIR absorption is reduced.
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Figure 50: Normalised absorption spectra of PbS NCs, TTF, TCNQ, PbSiTTF, and 
PbSiTCNQ solutions. The PbS:TTF and PbSiTCNQ solutions have the same PbS 
concentration. Inset shows the same data using a logarithmic axis to aid inspection.
6.2.2. Photoluminescence
To obtain reference PL speetra a solution and deposited thin film of oleic acid 
capped PbS NCs (on quartz) were prepared. PL was then studied using two 
excitation wavelengths of 808 nm and 458 nm. Shown in Figure 51, it is seen that 
the PbS NCs display a broad PL spectrum with two peaks that appear at around -  
1130 nm (the main intensity peak) and around -1450 nm (a lower intensity peak). 
The broad spectrum is due to a significant distribution of different diameter NCs 
within the ensemble. In such a case one might expect FRET to occur resulting in an 
enhancement of the low energy emission as reported elsewhere, particularly within 
the thin film.[137, 138] However, the thin film PL spectrum is very similar to the
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PbS NC solution spectrum. This therefore implies that FRET is not significant in 
these measurements.
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Figure 51: PL spectra o f PbS NCs in solution and deposited as a thin film. Inset to both 
show the spectra using a logarithmic axis.
To study the interaction between oleic acid PbS NCs with TTF/TCNQ PL spectra 
were obtained using two exeitation energies as a function of the relative PbSiTTF 
and PbS:TCNQ concentration. In the case of the 458 nm excitation, all PL spectra 
were obtained using a deteetion range eovering the visible and NIR. Figure 52(a) 
shows the 808 nm excited PL spectra of PbSiTTF solutions, corrected to aceount for 
the reducing PbS NC concentration as TTF is added. It is seen that as the TTF 
concentration is inereased a quenching of the PbS PL is observed along with a blue- 
shift in the PL peak emission to higher energy. The reduction in PL emission is 
eonfmed to the shorter wavelength region below ~1130 nm leaving the emission at 
-1450 nm unaffeeted as the concentration of TTF is increased. This also supports 
the above observation that FRET between NCs is not a signifieant meehanism. If it
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were then the lower energy emission from NCs would be expected to decrease as 
the higher energy PL (from smaller diameter NCs) was quenched by the TTF.
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Figure 52: PL spectra of PbS-TTF solutions excited at (a) 808 nm and (b) 458 nm. The TTF 
concentration varies from 0 to 3.76 mg/ml as indicated by the arrow.
In Figure 52(b) the PL spectra of the same PbSiTTF samples, excited at 458 nm 
where the TTF also absorbs, is shown. A similar behaviour is observed with the
118
shorter wavelength PL below -1130 nm from the PbS NCs quenching as the TTF 
concentration is increased. We also observe a decrease in the -1450 nm PL due to 
absorption of incident photons by the TTF thereby reducing the population of 
excited PbS NCs. No PL was observed at wavelengths below 900 nm implying that 
any excited TTF did not relax via radiative emission.
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Figure 53: PL spectra of PbS-TCNQ solutions excited at (a) 808 nm and (b) 458 nm. The 
TCNQ concentration varies from 0 to 3.76 mg/ml as indicated by the arrow.
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Similar to the above the interaction o f PbS NCs with the donor molecule TCNQ was 
studied. Figure 53(a) shows the 808 nm excited PL spectra of the PbS:TCNQ 
system with increasing TCNQ concentration. Quenching of the PbS NC PL is 
observed across the entire 900 nm to 1800 nm spectral range. A small blue-shift of 
PbS NCs PL is again recorded upon the addition o f TCNQ molecule as seen for 
TTF. This may therefore be due to small changes in the local dielectric constant as 
the organic complexes are introduced. Upon excitation at 458 nm, Figure 53(b), two 
PL emission peaks are found with the one in the near infrared the same as that 
observed upon 808 nm exeitation. The origin of the PL in the visible region 
(peaking at -675 nm) is unclear but discussed further below.
6.2.3. Photoluminescence Lifetime
Room temperature time resolved fluorescence decay (also referred to as PL lifetime) 
measurements were performed on samples identical to those used in the above PL 
measurements. All the measurements (shown in Figure 54) were obtained by 
collecting all emission above 850 nm, using an excitation wavelength o f 808 nm. 
The system response, obtained using scattered laser exeitation, was single 
exponential in nature with lifetime of Tgys = 50 ns. The PbS NC PL lifetime decay, in 
the absence of TTF or TCNQ, shows a bi-exponential decay on a microsecond 
timeseale with lifetimes = 4.98 ps and %2 = 0.78 ps. This lifetime is slightly 
slower than other reported values though variation in the dielectric screening can 
lead to such effects within lead-salt materials.[139] As for example in PbSe NCs 
where the PL lifetime -400 ns which is attributed to material high dielectric 
constant and the dielectric surrounding NCs effecting the radiative lifetime. [140]
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also shown for comparison (left).
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upon introduction of the donor/acceptor complexes the PbS NC lifetime decay is 
found to be dependent on the TTF (or TCNQ) to PbS NC concentration ratio Figure 
54(a) shows transient PL decay for the PbS-TTF system. The rate o f PbS NC PL 
decay starts to decrease as soon the TTF molecules are introduced and continues 
reducing as the TTF concentration increases. The inset to Figure 56(a) shows the 
two lifetimes obtained from the bi-exponential fit as a function o f TTF 
concentration. It can be seen that the reduction in the shorter lifetime occurs at low 
concentrations of TTF before stabilizing at -0 .4  ps at concentration above -1  
mg/ml. In contrast the longer lifetime initially undergoes a reduction upon TTF 
being introduced before plateauing until at higher TTF concentrations (>2 mg/ml) it 
reduces again.
The PbS NC PL lifetime decay as TCNQ is introduced is shown in Figure 54(b). An 
immediate decrease in the PL decay transient is seen as the TCNQ concentration 
increases from zero. This indicates a strong PL quenching interaction between the 
TCNQ molecule and the PbS NCs irrespective o f their size (i.e. emission energy) as 
observed in the PL studies above. However, interestingly analysis of the PL decays 
(inset Figure 54(b)) shows that the slower component of the PL lifetime decay, ti , 
initially increases upon the introduction of of TCNQ before starting to decrease. The 
faster of the PL lifetimes, i 2, is found to decrease only slightly as the TCNQ 
concentration is increased.
6.3. Charge Transfer Between PbS NCs and Donor and Acceptor Complexes
Using the above described experimental data it is possible to discuss the interactions 
between the donor/acceptor complexes used and the PbS NCs. Figure 55 shows the 
energy levels of PbS NC, TTF and TCNQ involved in the electron transfer and 
quenching interactions observed. Also shown is a schematic o f the interaction 
between PbS NC and TTF.
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Figure 55: Schematic of flat-hand energy level alignments between PbS NC and 
TTF/TCNQ. The dotted and dashed energy levels shown within the PbS correspond to the 
Ish and ISe levels for NCs emitting at 0.86 eV (1450 nm) and 1.1 eV (1130 nm), 
respectively. Inset is a schematic of the proposed PbS PL quenching mechanism in the 
presence of TTF
6.3.1. PbS:TTF
Figure 55 shows the energy level alignment between PbS NC and TTF/TCNQ based 
on previously reported values for PbS [83], TCNQ [141, 142] and TTF.[143] It ean 
be seen that the HOMO of TTF is closely aligned with the ISh level of the PbS NCs 
resonant with NCs that emit at - l . le V  (1130 nm). This energy level alignment 
tallies with the PL results presented in Figure 52 showing less quenehing of PbS 
emission at lower energies (e.g. -1450 nm). In this ease the TTF HOMO is below 
the PbS ISh level and thus when the PbS is exeited an electron is unlikely to be 
transferred to the PbS NC. For PbS NC emitting at higher energies (e.g. -1130 nm)
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upon excitation electron transfer from the TTF HOMO into ground state o f PbS NC 
may oeeur. Subsequently the excited electron in the PbS NC may relax into the TTF 
HOMO resulting in quenching o f PbS PL (inset Figure 57). This mechanism can 
only occur when the excitation energy used is only high enough to excite the PbS 
NCs (e.g. using the 808 nm excitation). If  the TTF molecule is excited the presence 
of the PbS NC may also offer an additional relaxation pathway via the NC excited 
state. If  the TTF excited-state deeay is fast enough, e.g. nanoseeonds, it still is 
possible that following excitation it may act to quench the emission o f PbS NCs due 
to their microsecond PL lifetime. In order for a eharge transfer mechanism to occur, 
the interaction between the PbS NC and TTF must be very short range (~I nm) 
ruling out the FRET mechanism. However, the use of pacifying oleic acid ligands 
around the PbS NCs provides a barrier to prevent such interaction with other 
systems, thus directly limiting the possibility for the NC to undergo charge transfer 
interaetions. As a result the above results imply that it is probable that partial ligand 
exehange of oleic acid with the TTF oecurs. This would indeed modify the local 
dielectric constant (thereby shifting the PL as observed above) though further 
conclusive evidence is required to eonfirm this hypothesis.
Whilst the PbS NCs intrinsieally display bi-exponential PL decay (see Chapter 4) 
the presenee of additional radiative or non-radiative pathways for relaxation will 
have an impact. Typically the interaction between PbS NCs and TTF will decrease 
the PL lifetime as the TTF concentration inereases due to an increase o f the non- 
radiative reeombination in the system.
6.3.2. PbSiTCNQ
Considering the PbSiTCNQ NCs interaetion, inspection of the relative energy level 
alignments indicate that a ground-state charge transfer mechanism is likely to occur 
from the PbS NCs to TCNQ. More information can be obtained from Figure 50
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where the absorption spectra of the PbSiTCNQ solution does not show any NIR 
absorption bands (e.g. -750 nm and 850 nm) associated with a eharge transfer 
complex involving the TCNQ anion or other charge transfer species.[144] Also in 
Figure 50 it can be seen that within the PbSiTCNQ absorption spectra little 
absorption is observed in the 800 nm to 1100 nm region, as seen for PbS NCs 
alone. This supports the proposal that the PbS NCs lose an electron via a ground- 
state charge transfer proeess. This may be eontrasted with the absorption spectra of 
PbSiTTF (with same concentration as PbSiTCNQ) whieh elearly show the PbS NC 
absorption in this region. In the same way as for TFF, for TCNQ to take part in a 
charge transfer process it must also undergo an oleie acid ligand exchange. 
Furthermore, in the case of TCNQ due to the energy level alignments the charge 
transfer process can occur independent o f the size o f PbS NC.
Upon excitation at 808 nm quenching o f the PbS NC PL aeross the spectral range is 
observed (Figure 53(a)) as would be expected as the number of neutral PbS NCs is 
redueed. The 808 nm excitation energy is equal to 1.53 eV which is however 
eomparable to the TCNQ HOMO to PbS NC Ise level separation for larger diameter 
(smaller bandgap) NCs. It may therefore be considered feasible to excite and 
electron from the TCNQ HOMO to the NC exeited state. However, as discussed 
above no signature of sueh a process is observed in the absorption speetrum (Figure 
50). Furthermore, due to the Columbie binding energy that would exist between the 
TCNQ anion and PbS NC cation additional energy would be required to promote 
such a process. As such any excitation of the TCNQ anion is very likely to be 
restrieted to repopulation of the ground state o f PbS prior to it returning to the 
LUMO of TCNQ non-radiatively as shown in Figure 56(b). In a similar way 
quenehing of the PbS NC PL is observed when exeitation at 458 nm (-2.7 eV) is 
used (Figure 53(b)). Comparison between the 808 nm and 458 nm excited PbS NC 
PL indicates that quenehing is greater in the case of 808 nm excitation. This might 
be due to the faet that exeitation at 458 nm allows the transfer of an electron from 
the TCNQ anion to the PbS NC excited state followed by a relaxation process which 
involves the emission of a photon (Figure 56(c)).
125
E(eV)
458 nm1130 nmi 873 nm
808 nm
LUMOLUMOLUMO
458 nm
4 - HOMO♦ —HOMO HOMO
PbS TCNQPbS TCNQ PbS TCNQ
Figure 56; The schematic of the proposed PbS PL quenching mechanism in the presence of 
TCNQ (a) without any excitation energy, (b) 808 nm excitation energy and (c) 458 nm 
excitation energy
Accompanying the PbS NC PL quenching when exciting at 458 nm is the 
emergence of a second PL peak centred at -675 nm (-1.8 eV). The origin of this PL 
emission peak is unclear though two processes may lead to it. One possibility is that 
following the exeitation of an electron in the TCNQ anion into PbS NC excited state 
it may recombining directly with the LUMO of TCNQ. However, considering the 
relative energy level alignment (Figure 57) as discussed above emission energy of 
-1.5 eV would be expected. The higher energy of the observed PL (-1.8 eV) 
implies that there is therefore some additional energy level re-alignment upon ligand 
exchange of oleic acid to TCNQ if this is the origin of this emission. This emission 
is however elearly linked to the presence of TCNQ as it increases with the TCNQ 
concentration.
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A second possibility is that it is due to triplet emission in TCNQ. However further 
work has to be done to determine the origin o f this emission at visible region. The 
PbS NC PL lifetime of decay in the PbSiTCNQ system also generally decreases 
with increasing TCNQ concentration. However, the fitting demonstrated that 
initially the slower component, xi, increases upon addition o f TCNQ before 
reducing at higher concentration.
By adding the TCNQ as discussed above an additional non-radiative recombination 
mechanism becomes available for relaxation o f the excited PbS NC state. This is 
however only available to those NCs which have TCNQ attached as a ligand. 
Furthermore, as discussed above, when using 808 nm excitation there is little 
evidence that those NC would be excited due to insufficient energy to promote the 
electron in the TCNQ anion. As such the PL may be expected to originate only fi’om 
those NC which have yet to undergo ligand exchange. If this were the case then 
whilst PL quenching would be observed there would be no strong reason to expect 
any change in the measured lifetime (except perhaps a variation in the dielectric 
constant). Nonetheless a change in the lifetime is observed leading to the conclusion 
that the TCNQ is playing a modifying role in the PL o f all NCs. One possibility 
therefore is that at lower concentrations the TCNQ is binding to some of the NCs 
surface states which have been previously invoked as the origin o f the bi­
exponential decay observed. [145, 146] For these NCs ground state charge transfer 
may not be occurring perhaps indicating that a threshold exists for the number 
TCNQ molecules that must be coordinated to the NC before charge transfer takes 
place. There is therefore clearly much more work that is needed to fully understand 
the interactions taking place in the PbSiTCNQ system which will be the basis of 
future studies.
127
6.4. Summary
In this chapter we have presented a detailed study o f the interaction between PbS 
NCs with the donor/acceptor molecule TTF/TCNQ. The results obtained relating to 
the optical behaviour and electronic interaction of PbS-TTF/TCNQ are o f interest 
for those developing next generation devices. Optical studies o f PbS NCs with 
donor/acceptor molecule showed alteration modification o f the PL spectra and PL 
lifetime. It is proposed that the quenching effect on the PL of PbS-TTF in the range 
o f 900 nm to 1300 nm is due to a charge transfer mechanism which may be o f use in 
photovoltaic devices based upon such system. The PL obtained from PbS-TCNQ 
solutions display a second emission peak centred at -700 nm which is directly 
related to the TCNQ concentration. Such results are useable for sensor making 
application where the quenching of existing PL and emission of second peak can be 
used as sensitivity tool. However, of most relevance to the work in this thesis it is 
shown that ground state charge transfer can be achieved in these systems which may 
provide a potential route obtaining charge induced magnetism in doped-NC systems 
in the future.
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CHAPTER 7 
Temperature Dependence of Mn- 
Implanted PbS Nanocrystal Optical 
Properties
In this chapter the results of initial work on the preparation and characterisation o f 
Mn-implanted PbS NCs are presented. Manganese ion (Mn^Q doping was attempted 
using ion beam implantation o f PbS NCs drop cast onto silicon substrates. 
Characterisation of the Mn-implanted NCs was performed using electron 
paramagnetic resonance (EPR) spectroscopy and transmission electron microscopy 
(TEM). Optical characterisation of Mn-implanted NCs are also presented including 
temperature dependent absorption, PL and PL lifetime measurements which are then 
compared with undoped PbS NCs
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7.1. Introduction
The doping of magnetic ion impurities into semiconductor NCs offers a unique 
method to further control their magnetic, optical and electronic properties. A variety 
o f magnetic ion impurities have been introduced into bulk semiconductors, resulting 
in the so called diluted magnetic semiconductor (DMS), including several transition 
metal ions such as manganese (Mn^Q, cobalt (Co^Q, europium (Eu^Q, and many 
more. A number of reviews are available covering studies of DMS [147-149] and 
therefore this section will focus on the more recent developments in doped 
semiconductor NCs. The doping o f semiconductor NCs has been shown to give rise 
to “giant” Zeeman splitting o f the electronic energy levels due to an increase of 
spin-spin exchange interaction between the localized magnetic moments o f the 
dopants. Furthermore, the increased spin exchange interaction can lead to giant 
Zeeman splitting of exciton sublevels at zero applied external magnetic field in 
some doped NC systems.[150] Magnetically doped NCs have a broad range of 
potential applications which include solar energy conversion [29, 30, 151, 152], 
nanospintronics and spin-photonics,[153] and optical labelling.[154-158] 
Magnetically doped semiconductor NCs have also shown promise in fluorescence 
applications [27, 159-161] including being exploited in efficient bio-imaging 
applications. [ 161-163]
Existing studies of the magneto-optical and magneto-electronic properties o f 
magnetically doped lead chalcogenide NCs are scarce in comparison to other NC 
systems (e.g. CdSe, CdS, ZnO, ZnSe). This is possibly due to lack of theoretical 
understanding especially of undoped systems and complicated synthesis methods 
which suggest that the incorporation o f dopants (e.g. Mn^Q in PbS and PbSe 
requires polychalcogenide precursors.[150, 164, 165] Despite the lack o f research 
available at present, it is believed that magnetic doped NCs can give a major 
contribution towards the development o f photonic and spintronic application.
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Recently, Silva et a l  have reported the preparation o f Pbi.xMnxS NCs sample using 
a fusion method with the NCs incorporated within a glass host matrix. This 
approach offers an alternative method o f achieving doped lead chalcogenide NCs, 
though their encapsulation within the host makes their utilisation in devices 
challenging. It was reported that using an initial 0.5% concentration o f Mn in the 
synthesis only 0.05% was actually incorporated within the PbS NCs whilst the 
remaining 0.45% was dispersed throughout the glass template.[48] Nonetheless, 
EPR spectroscopy showed a distinctive signal associated with the incorporation of 
Mn^^ ions within the PbS NCs. It was also observed however that Mn clustering 
may occur around the PbS NCs which led to serious deterioration o f the optical 
properties. The clustering of Mn has also been reported in other PbS doping studies 
where for example clusters form on the surface of PbS nanowires as Mn 
eoncentration is increased from 4% to 8%.[166] There is however some research to 
suggest that Pbi-xMuxSe NC synthesis is possible and able to increase the strength 
of the exchange interaction within the NCs. [43, 167]
Somarajan et a l  reported doped Pbi-xEuxS NCs in which the europium 
concentration was varied between 0.05% and 0.15% and investigated the NCs using 
low temperature and high magnetic field vibrating sample magnetometry. [168] 
Related reports based on EPR spectroscopy o f Pbi.xEuxS (Eu ~ 0.016) NCs, using 
the X-band centred at 9.56 GHz, give rise to spin-Hamiltonian parameters at 295 K 
of g = 1.972, b4 = 0.438 GHz, and he = -0.019 GHz and g = 1.975, b4 = 0.448 GHz, 
and be = -0.011 GHz at 4.2 K.[I69]
With respect to Mn doping significantly more attention has been focused on the 
CdSe, CdS and ZnSe NCs systems in terms o f both synthesis and theoretical studies. 
Hoffinan et a l using EPR spectroscopy and optical detected magnetic resonance 
(ODMR) spectroscopy of Mn-doped CdS NCs were able to demonstrate that the 
Mn^^ ions reside inside the NCs. This then produced an intrinsic giant magnetic 
field splitting due to enhanced short range spin-spin interaction in the NCs.[150] 
The development o f synthetic methods [148, 170] for Mn-doping o f CdSe NCs has 
led to systems exhibiting very long PL lifetimes of up to 15 ps which is three time
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longer than found in undoped CdSe NCs as a result o f back energy transfer from the 
excited Mn^^ ion dopant (suggested for Mn^ "*" ^Ai band at ~ 2.12 eV).[153,
170] It was also observed that for larger diameter (i.e. narrower bandgap) Mn-doped 
CdSe NCs the PL originates from the NCs electronic energy levels whilst for much 
smaller dots the PL becomes dominated by Mn^^ emission.[170]
7.2. Characterization of PbS-ImpIanted Nanocrystals
7.2.1. Ion Beam Implantation
In chapter 3 the use of ion beam implantation was introduced as a method to achieve 
doping of Mn^^ in PbS NCs. The reasons for choosing to explore this method 
include the well-known ability to control and modify dopant ion concentration and 
positioning in bulk semiconductor systems. Extending the technique to include the 
doping o f NCs is therefore of general interest to those working on this technique. 
Furthermore, given the apparent difficulties o f achieving doping during NC 
synthesis, as evidenced by the lack of reports and feedback from collaborators, 
exploring an alternative method is entirely reasonable.
To prepare suitable samples for implantation, NCs were drop cast onto a silicon 
substrate to form a film as shown in Figure 57 with an approximate thickness o f 
-100 nm. The surface o f PbS NCs is cover with oleic acid ligands to make them 
soluble in solvents and thereby enabling drop casting. This also results in 
minimising the formation of clusters within the film which may alter their optical 
and electronic properties. The separation between NCs depends upon type o f ligand 
being used with oleic acid reported to give a ~2 nm distance between NCs. [83, 110] 
With respect to ion implantation this complicates the determination o f the 
implantation energy as this is typically estimated using a model which uses the
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density of the target material as a key parameter to determine the likely depth 
profile of the implanted species. Whilst the beam energy controls the implantation 
profile (i.e. depth), the implantation current determines the implantation dose (i.e. 
eoncentration). A high beam energy may cause the ions to be implanted in the 
underlying substrate material whilst a low energy may lead to only surface damage 
(e.g. by sputtering) of the sample with little doping. For this study a range of 
implantation energies has been chosen from 50 keV to 200 keV due to uncertainty 
in the PbS NC film density and thickness. In terms of the doping eoncentration the 
range of 10^  ^ to lO'^ ions/em^ was chosen again due to uncertainty of the PbS NC 
film density.
M n  E le m en t
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Figure 57: Diagram of ion beam implantation of ion Mn^^ dopant on PbS NCs drop casted 
onto silicon substrate.
A main drawback of using this technique is obviously the inability to control the 
dopant valence state though based the assumption that substitution of Pb with Mn 
ions will oeeur it is envisaged that the Mn^^ valence state should be achieved.
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Another concern is that if  the dopant concentration is too high then saturation (i.e. 
clustering) o f the dopant ion either inside or on the surface o f the NCs may occur 
which will alter the physical properties and optical behaviour. Furthermore, the 
ligands surrounding the NCs have a much lower weight and density compared to the 
PbS NCs which may cause the Mn ions to easily pass through the film should the 
energy be too high. Thus by choosing a broad initial range of energies and doses it 
was hoped that some o f the implanted samples would prove useful for further study.
7.2.2. EPR and TEM Studies of Mn-Implanted PbS Nanocrystals
Following implantation the PbS NCs were removed from the substrate via soaking 
in toluene overnight. To assess for any damage to the crystal structure (e.g. 
amorphisation) samples were prepared for (HR)TEM analysis. Figure 58, shows 
images o f the implanted PbS NCs, obtained by colleagues, revealing some NC 
clustering. This might be expected given that during implantation the oleic acid 
ligands are likely to have been removed (carbonated). (HR)TEM images provide 
higher resolution images which show periodic fringes associated with the NCs and 
yield an average NC diameter o f ~ 4.52 ± 0 .1 4  nm, in close agreement with that 
reported for the un-implanted NCs as discussed in chapter 4.
134
Figure 58: TEM image of Mn-implanted PbS sample at low and high resolution.
Whilst the (HR)TEM eonfirms the crystalline nature of the NCs it does not provide 
any information relating to the incorporation of Mn^^ ions. To provide such 
information electron paramagnetic resonance (EPR) spectroscopy was utilised. The 
Mn^^ cation has a spin of ±5/2 which results in six peaks due to hyperline splitting 
being observable as a magnetic field is swept from 3000 to 3500 gauss (0.3 T 
equivalents) with x-band frequency which is 9.5 GHz.
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Figure 59: (a-f) EPR spectra as a function of Mn^^ doped concentration without thermal 
annealing and implantation energy 50 keV.
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Figure 60: (a-f) EPR spectra as a function of Mn^  ^ doped concentration with thermal 
annealing at 200 °C for 6 hours and implantation energy of 50 keV.
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Figure 59(a-f) shows the EPR spectra o f Mn-implanted PbS NCs for varying doses 
using implantation energy of 50 keV. Figure 60(a-f) shows the same spectra but 
following thermal annealing of the implanted NC samples at 200 °C for 6 hours. 
Both figures above also include EPR spectra of the undoped NC prepared in a 
similar manner and annealed in the case o f Figure 60. Close inspection o f the EPR 
spectra in Figure 59 and Figure 60 shows that none o f the Mn doped PbS NCs 
samples display a strong characteristic signature o f six hyperfme transitions as 
reported elsewhere. [4 8] However direct comparison between the doped and 
undoped EPR spectra clearly show the presence of some transitions though the 
signal is weak. This type of behaviour (particularly in Figure 59(a)-(d)) is similar to 
other reported spectra for Mn^^ doped NCs.[153, 170, 171] For the two highest Mn 
implant doses (le^^ and 5e^  ^ ions/cm^) the emergence o f clear transitions can be 
seen along with a reduction in the noise level. This implies that there is an effect 
that is related to the implantation though at present it cannot definitively be 
attributed to the presence ofMn^^ within the NCs.
It is standard practice in implanted semiconductor to perform post implantation 
annealing in order to repair damage to the crystal structure and activate the dopant 
ions (i.e. incorporate them into the crystal structure in the preferred valence state) as 
done in Figure 60. Annealing was therefore performed on the Mn doped PbS NCs at 
200 °C under a sealed N2 environment. The effect o f annealing at this temperature 
was to reduce the presence of hyperfme interaction in the EPR spectra rather than 
increase this as might be expected. However, given that the (HR)TEM spectra 
appear to show crystalline structures prior to any annealing it could be that the NCs 
‘self-anneal’ upon acceptance of an ion due to the heat that this process dissipates 
being confined to such a small volume. Further annealing may then simply promote 
oxidation or other deleterious effects such as Mn clustering or diffusion to the NC 
surface. As such no further annealing was attempted though future studies may wish 
to investigate this forther.
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7.3. Temperature Dependence of Mn-implanted PbS Nanocrystal Optical 
Properties
The incorporation of Mn^^ ions within the PbS NCs is envisaged to result in the 
modification o f the magneto-optical properties as has been observed for other NC 
systems. Therefore to provide further evidence of possible Mn doping via ion 
implantation, temperature dependent absorption, PL, and PL lifetime measurements 
were undertaken.
7.3.1. Photolnminescence
Figure 61 (a-f) shows the 808 nm excited PL spectra o f each o f the Mn implanted 
samples as a function of temperature. Upon close inspection all the spectra show a 
redshift as the temperature decreases from 300 K to 3 K as observed for the 
undoped PbS NCs sample. All PL spectra are found to be single Gaussian, 
displaying inhomogeneous broadening due to significant distribution o f PbS NC 
diameters still intact within the NC ensemble. No other emission was observed 
indicating that if  Mn^^ is present within the PbS NCs it is not optically active or too 
weak to measure. Furthermore no quenching of the PbS NC PL was observed with 
increasing Mn implantation dose suggesting that the Mn^ "^  "^ Ti energy level is not 
within the NC bandgap. This is in agreement with reports of the position o f the 
Mn^^ "^ Ti energy level in other systems (e.g. CdSe) being -2.12 eV.[172] Certainly 
direct excitation of Mn^^ leading to its characteristic emission at -2.1 eV would not 
be possible at the excitation wavelength used (808 nm)
139
PbS + Mn ( le  )7.ooe-oio
6.00E-010
m  500E 010
4.00E-010
w 
c
(H 3.00E-010
2.00E-010
1.006-010
0.006+000
^ 6 .0 0 6 - 0 1 0
3
( q  5.006-010 
4 006-010
'( / )
Q  3.006-010 
C
“  2.006-010 
£L
1.006-010
0.006+000
0.80 0.85 0.90 0 95 1,00 1.05 1.10 1.15 1.20
A  PbS + Mn (2.5e") ------- 300K------- 280K
-------260K
------- 240K
------- 220K
------- 200K
180K
//ffi/ m ------- 160K
------- 140K
1 1  /  \m ------- 120K
------- 100K
------- 80K
f y / A w x ------- 60K------- 40K
-------20K
------- 10K
------- 5K
-------3K
0.80 0.85
rr-i-t-i-irr-,-r | , rr, r ,  i r i
0.90 0.95 1.00 1.05 1.10 1.15 1.20
Energy (eV) Energy (eV)
PbS + M n(5e ) PbS + Mn (7.5e )
3 006-0092.506-009
3  2.506-009
Cq 2.006-009
> ,2 .006-009
1.506-009
c
B2  1.006-009
(0
C  1.506-009
<D
1.006-009
Û .  5.006-010
5.006-010
0.006+000MWTiv r n -rn-,-n-^rm-rrr ' n i'w , r 
0.80 0.85 0.90 0.95 1.00 1.05 1.10 0.80 0.85 0.90 0.95 1.00 1.05 1,10 1.15 1.20
Energy (eV) Energy (eV)
PbS + Mn (5e’l7.006-009PbS + M n (1 e l
6.006-009006-009
(q  5-006-009
6.006-009
4.006-009
m  3.006-009m  4.006-009
2.006-009
2.006-009
1.006-009 
0.006+000 -
0.80 0.85 0.90 0.95 1.00 1.05 1.10
Energy (eV)
^ H l | l
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20
Energy (eV)
Figure 61: (a)-(f) PL spectra of Mn-implanted PbS NCs as a function of temperature (3 K 
300 K) and magnetic dopant concentration.
The integrated PL intensity of the doped PbS NCs shows a significant increase with 
reducing temperature until it reaches a maximum at -80 K before starting to
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decrease with fiirther reduction in temperature, Figure 62(a). As we discussed in 
chapter 4, this might be the point where the phonon interactions start to become 
‘frozen out’. This behaviour is slightly different to that of the undoped PbS NCs 
were the PL intensity does not start to decrease until the temperature is reduced to 
below ~20 K. The change (A) in PL intensity with respect to that at 300 K for each 
sample is presented in Figure 62(b). This indicates that the maximum change of PL 
intensity increases with the dose of Mn implanted whilst re-emphasising the 
difference between the doped and undoped samples.
Further analysis of the PL peak position is shown in Figure 62(c) revealing a red 
shift of the PL peak as temperature decreases for undoped and doped NCs. For the 
sample implanted with 2.5e^ "^  ion/cm^ Mn concentration a small blue shift in the PL 
peak occurs when T < 20 K. The un-implanted sample shows an opposite trend 
(discussed in chapter 4) with an increase in the rate of redshift occurring when T < 
20 K. The remaining implanted samples display almost no fiirther redshift in this 
temperature region. A red-shift in the PL peak position could be evidence o f the 
exciton within the NC interacting with doped Mn^^ ions via an exchange interaction 
process leading to the formation of magnetic polaron and alignment of the dopant 
ion spins. Alternatively, other possible explanations include modification o f the 
physical properties of NCs itself after ion implantation. Similar to the PL intensity 
the shift (A) in PL peak with respect to that at 300 K is plotted for each sample in 
Figure 62(d). With the exception of the 7.5e^ "^  ion/cm^ doped sample identical 
behaviour is observed from the doped and undoped samples. This indicates that no 
substantial modification of the temperature dependence of the NC properties if  they 
were modified by ion implantation. The behaviour of the 7.5e^ "^  ion/cm^ doped NCs 
is anomalous in comparison with the other samples displaying an increased redshift 
with reducing temperature (up to -98 meV compared to -80  - 84 meV). This 
interesting behaviour which could be explained by optimum Mn^ "^  incorporation 
within the NCs lends itself to further study and was therefore selected for further 
measurement o f its absorption and PL lifetime temperature dependence.
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Figure 62: Temperature dependent PL properties of Mn-implanted and reference PbS NCs. 
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relative to 300 K intensity, (c) PL peak position and (d) change in PL peak position, A PL, 
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In Figure 63(a) the full width half maximum of each sample’s PL spectrum is 
plotted as a function of temperature. All samples display similar behaviour except 
for the undoped sample at very low temperature (below 25 K) which displays 
additional narrowing. This indicates that there are no significant changes in 
inhomogeneous broadening and electron-phonon coupling as a result of ion 
implantation. Figure 63(b) plotted area under curve for undoped and doped PbS 
NCs as a function of dopant concentration. No significant changes are found except
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for an increase in magnitude of the integrated intensity increase from undoped to 
high dopant concentration.
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7.3.2. Absorption
Room temperature absorption spectra were obtained for all Mn-implanted PbS NCs 
and are shown in Figure 64. The first excitonic absorption peak is found in the 
region o f -1.096 eV to -1.090 eV, decreasing as the implanted Mn dose increases 
(inset Figure 64). This is in contrast to the PL peak energy which though changing 
with dose displayed no such correlation. Close inspection o f the spectra reveals an 
additional absorption peaks, appearing as shoulders at -900 nm and -550 nm. 
Following the above analysis of the Mn-implanted PbS NCs PL spectra, due to time 
constraints only one sample (7.5e^ "  ^ ion/cm^) was chosen for temperature dependent 
absorption measurements.
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Figure 64: Normalized absorption of Mn-implanted PbS NCs at room temperature. Inset is 
the position o f the T* excitonic absorption peak.
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Figure 65 (a) shows the temperature dependent absorption o f the Mn-implanted PbS 
NCs. The 1®^ excitonic transition can be seen to red-shift from -1.111 eV (1116 nm) 
to 1.086 eV (1141 nm) as the temperature is reduced from 300 K to 3 K. This trend 
is similar to that seen for undoped PbS NCs though smaller in magnitude with a 
total shift of -25 meV (Figure 65 (b)) compared to -36 meV for the undoped PbS 
NCs. Further distinct absorption transitions appear as shoulders at -1.22 eV and -  
1.36 eV, originating from higher energy transitions within the PbS NCs. These 
additional peaks show a red-shift compared to that observed for undoped PbS NCs 
which appear around -1.3 eV and 1.41 eV. The shift of absorption peak upon Mn- 
implantation indicates a modification of the NC physical properties. (HR)TEM 
analysis revealed no significant change in NC diameter hence the confinement 
energy should be similar in Mn-implanted and undoped NCs. It is therefore 
plausible that the change is due to Mn-doping though further work is required to 
fully understand this. Similar to the undoped PbS NCs it is found that the 
absorption intensity increases as the temperature is reduced. Finally, the previously 
discussed temperature independent feature observed at -0.9 eV remains.
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7.3.3. Photoluminescence Lifetime
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Figure 66: (a) PL decay o f doped Mn"^ (7.5e''* ion/cm2) PbS NCs as a function of 
temperature, (b) Lifetimes t/ and versus temperature dependent, Note that at 3, 5 and 10 
K only single exponential behavior is observed.
The PL lifetime decay transients of the Mn-implanted (dose = 7.5e'^ ions/cm^) PbS 
NCs as a function of temperature are shown in Figure 66 (a) along with system
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response {xsys -100 ns) which is one order magnitude faster. The same exponential 
expression was used, as in chapter 4 Equation 4.7, to fit the PL decay where bi­
exponential behaviour was again found except for T < 20 K when single exponential 
decay was recorded (Figure 66(b)). The PL lifetime transient at 300 K is comprised 
of a ‘slow’ decay with a lifetime of x\{300K) = 5.12 ± 0.04 ps and a ‘fast’ decay 
with lifetime %2{300K) = 0.18 ± 0.01 ps. Upon cooling to 3 K the PL lifetime 
increases in addition to displaying monoexponential behaviour with a lifetime of 
ti{3K) = 6.15 ± 0.05 ps. The observed behaviour is similar to that reported for the 
undoped PbS NCs in chapter 4 where at very low temperatures emission from the 
triplet state dominates.[134]
Inspection of the PL lifetime. Figure 66 (b), shows that the increase in x\ with 
reducing temperature from 300 K is described by three approximately linear rates 
given by -1.0 ±0.1 ns/K between 300 K and 140 K, -4.0 ± 0.2 ns/K between 140 K 
to 20 K, and -18.0 ±3 .0  ns/K between 20 K and 3 K. The fast component, i 2, o f the 
PL lifetime decay shows a more complex behaviour where it initially increases as 
the temperature is reduced to -140 K before stabilizing until the temperature is 
reduced below -80  K upon which it reduces to its original lifetime (i.e. X2(3K) = 
X2{300K)). This behaviour is different to that observed in the undoped PbS NCs 
where the non-radiative component i 2 show steady increment prior to disappearing 
as the decay become single exponential. As a result this gives rise to the possibility 
of a new relaxation mechanism in the Mn-implanted PbS NCs. However, further 
investigations are required.
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7.4. Comparison of M n-Implanted and Undoped PbS Nanocrystal 
Tem perature Dependence
The optical properties of Mn-implanted PbS NCs are strongly temperature 
dependent as shown above. To enable comparison with the undoped PbS NCs 
similar fitting of the experimental data has been performed using the expression 
outlined in chapter 4 and described below.
7.4.1. Photoluminescence
As discussed previously several expressions have been using to try to fit the 
temperature dependence PbS NCs PL peak position and FWHM. Upon the fitting o f 
the temperature dependence of the Mn-implanted PbS NC PL peak position using 
the Varshni equation, as for the undoped PbS NCs, the parameters obtained were 
again unreasonable (Appendix B). As a result the expression given by O’Donnell et 
al (Equation 4.10) was used again:
E pi(J)  =  Ep£,(0) +  S  (Ep/^)[coth((Ep/i)/2kgT) — l]  Equation 4.9
Shown in Figure 67, a good fit using Equation 4.10 to all samples is obtained over 
the full temperature range except for the 2.5e^ "^  ion/cm^ sample where fitting below 
20 K was not possible. The fitting parameters associated with each sample can be 
found in Table 12 with values generally similar to those obtained from the undoped 
PbS NCs. The Huang-Rhys parameter, S, ranges from -2.17 to -3.01 in the 
implanted samples in broad agreement with that found for the undoped sample of S 
= 2.64. The average phonon energy Eph values obtained are typically below that 
previously obtained for undoped PbS NCs (-24 meV) ranging from -14  to 24 meV, 
(Table 12).
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Table 12: Summary of parameters obtained from fitting the temperature dependence of the 
PL peak position using Equation 4.10 to Mn-implanted PbS NCs.
Mn- 
im plantation 
dose ions/cm^
Epl(O),
eV
± erro r 
Epl(O) 
meV
Hyuang 
Rhys, S
± erro r 
Hyuang 
Rhys
Average 
Phonon, 
Eph, meV
± erro r
Eph
(meV)
0.932 0.38 2.42 0.07 14.79 0.83
2.5e^^ 0.934 0.73 2.95 0.17 19.01 1.74
0.929 0.59 2.17 0.08 17.68 1.33
7.5e^^ 0.933 0.67 3.02 0.14 23.67 1.49
0.929 0.58 2.68 0.10 24.27 1.4
5e:' 0.928 0.69 2.71 0.13 21.79 1.56
Undoped 0.911 0.01 2.64 0.14 24 2
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7.4.2. Absorption & Photoluminescence Lifetime
The temperature dependenee of the excitonic absorption peak position of the 
7.5e^ "^  ion/cm^ Mn-implanted samples was fitted using Equation 4.8. The best fit (R^ 
= 0.99), shown in Figure 68, was obtained with a = 39.6 ± 4.9 meV, = 3.4 ± 0.7 
mK'^ and Eg{0) = 1.1 ± 0.01 eV. For the undoped PbS NCs fitting gives a = 6A±  5.0 
meV, Ô = 3.1 ± 0.3 m K '\ and Eg{0) = 1.033 ± 0.001 eV. The value obtained for the 
exponential term, b, can be seen to be identical, within the margin of error, for both 
doped and undoped PbS NCs.
E J T )  = Ea (0) -  a  [e-^^ -  1] Equation 4.7
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Figure 68: Temperature dependence of the first excitonic absorption peak of Mn-implanted 
(dose =7.5e^ '* ion/cm^) PbS NCs. The dashed line represents the fit obtained using Equation 
4.8.
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Although no strong direct evidence of Mn-implant effecting the temperature 
dependenee of the PbS NCs absorption is present, it is clear that some of the optical 
properties are modified following implantation. The most striking observation is the 
very different behaviour of the radiative lifetimes before and following Mn 
implantation (Figure 69 (a & b)). It appears that a new competing process for the 
decay of the higher level (singlet exciton state) occurs below -180 K. This is also 
the approximate temperature below which the relative change in absorption peak 
position (compared to that at 300 K) starts to deviate between the Mn-implanted and 
undoped PbS NCs (Figure 69(b)). Likewise below this temperature the relative 
change in PL intensity also deviates between the ‘doped’ and undoped PbS NCs. 
Unfortunately, at present and based on the above evidence, it is not possible to 
reliably suggest the origin of such a process.
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7.4.3. Mn-implanted PbS Nanocrystal Stokes Shift
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Figure 70: (a) Temperature dependence of Stokes shifts of Mn-implanted (7.5e^^ ion/cm^) 
and undoped PbS NCs. (b) Difference in Stokes shift. A, between Mn-implanted and 
undoped PbS NCs. The red line indicates a fit to the data using Equation 7.1.
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To provide further insight into the observed differences in behaviour between the 
Mn-implanted and undoped PbS NCs their temperature dependent stoke shifts are 
plotted in Figure 70(a). Both undoped and ‘doped’ samples show very similar 
general behaviour, increasing in Stokes shift as temperature is reduced to -150 K 
before starting to saturate. The obvious difference between the samples is the 
increased magnitude of the Stokes shift in the ‘doped’ sample compared to the 
undoped sample as temperature is reduced. The other significant difference is at 
very low temperatures (below -5  K) where the Stokes shift o f the undoped sample 
starts to reduce.
Previously in Mn-implanted CdSe NCs the presence o f an enhanced Stokes shift 
was part of the evidence presented to support the proposition o f magnetically 
induced magnetism with the additional energy lost in the Stokes shift being used in 
the formation of a magnetic polaron. To provide further analysis, the difference in 
Stokes shift. A, between the Mn-implanted (7.5e^ "^  ion/cm^) and undoped NCs is 
plotted against 1/temperature in Figure 70(b). The use of this type o f plot and fitting 
using the Brillouin relation has been suggest by Gamelin et al [47] to estimate the 
effective exchange field acting on paramagnetic Mn^^ within doped CdSe NCs. In 
ref [46] fitting was done to the temperature dependent Stokes shift, SS(7), o f the 
doped NC using Equation 7.1:
s s m  =  C {H |2 c „ ,h  { O S  +  1) { ! ^ ) ]  - i c o t h  ( ! ^ ) ]
Equation 7.1
where S = 5/2, gMn = 2 is the Mn^^ g-factor, pe the Bohr magneton, and Jzb the 
Boltzmann’s constant. C is a scaling constant fitting parameter and jB^the effective 
exchange field o f the exciton which in the analysis performed in [47] was found to 
be -75 T. In this analysis it is assumed however that the Stokes shift is entirely due 
to alignment o f the Mn^^ dopant spins and the formation o f a magnetic polaron.
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Undertaking a similar analysis on the temperature dependent Stokes shift of 
undoped PbS NCs enables a reasonable fit to be obtained with an effective exchange 
field of Beff= 160 T. Cleary such analysis is not valid in this case as no Mn-ions are 
present but it raises questions as to the validity o f this approach if  the temperature 
dependence of the Stokes shift due to other factors is not excluded. In order to 
address this, the difference between the Stokes shift of the Mn-implanted and 
undoped PbS NCs (Figure 6 8 (b)) is fitted instead using Equation 7.1. The best fit is 
obtained to the data when Bejf= 81 T (dashed line in Figure 6 8 (b)). This value is 
similar to that obtained from ~4% Mn-implanted CdSe NCs of diameter 5 nm.[47] It 
was previous found in Mn-implanted CdSe NCs that as the NC diameter is reduced 
the effective exchange field increases due to enhanced confinement. In PbS 
therefore with its increased confinement, in comparison to CdSe for a given NC 
diameter, such fields might be reasonable at much lower Mn^ "  ^ doping 
concentrations. However, at this point significant further work is required to further 
understand the effect of doping on PbS NCs that is beyond the scope o f this thesis 
and as such no further conclusions can be made at this time.
7.5. Summary
In conclusion the temperature dependent optical properties of Mn-implanted PbS 
NCs were presented in this chapter. Ion beam implantation showed some potential 
as a technique to enable the doping o f PbS NCs with magnetic ions.. A study o f the 
optical properties of Mn-implanted PbS NCs was undertaken and compared with 
that of undoped PbS NCs. The PL spectra o f all Mn-implanted PbS NCs showed a 
significant red shift PL peak compared to undoped PbS NCs. Upon fitting o f PL 
peak and FWHM temperature dependence a similar result was obtained as for the 
undoped PbS NCs. The absorption spectra o f Mn-implanted PbS NCs display a red- 
shift from -1.111 eV (1116 nm) to 1.086 eV (1141 nm) as the temperature is 
reduced from 300 K to 3 K. In comparison with undoped PbS NCs this change is
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not as large (25 meV compared with 36 meV). Studies o f the temperature 
dependence o f the PL lifetime revealed a significant difference between undoped 
and Mn-implanted PbS NCs below 120 K with the ‘fast’ component o f the observed 
bi-exponential behaviour decreasing in the case o f the implanted sample.
Initial analysis o f the effect o f any spin interaction between magnetic ions within 
NCs has been presented. Based on fitting o f a Brillouin function to the difference in 
the temperature dependent Stoke shift between the Mn-implanted and undoped PbS 
NCs an effective exchange field o f -81 T is predicted. However, significant further 
work is required in order to fully understand these results and validate any such 
analysis.
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CHAPTER 8 
Conclusions and Future Work
This chapter provides a summary o f the main conclusions o f the work presented 
within the thesis. Following this a brief section focusing on future suggested work 
relating to magneto-optical characterisation o f doped PbS NCs is provided
8.1. Thesis Findings and Conclnsion
In chapter 4 optical characterisation of the temperature dependence of undoped PbS 
NCs were presented including their absorption, PL, Stokes shift and PL lifetime. A 
redshift of the first excitonic absorption peak and PL peak position was observed 
with the reduction of temperature from 300 K to 3 K. Accompanying this the PL 
lifetime was seen to exhibit bi-exponential behaviour at higher temperatures until 
single exponential behaviour was seen at 3 K. Analysis o f the data indicated that all 
these parameters are strongly temperature dependent due to the presence of 
electron-phonon coupling in optical transitions within the NC system. A simple 
three-level rate-equation model successfully fitted the temperature dependent Stokes 
shift predicting an energy separation between the two optically active states o f ~ 6
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meV. This value was noted to be in close alignment with theoretically predicted 
exchange energy splitting within 4 nm diameter PbS NCs o f 10 meV thus 
suggesting emission may involve triplet states rather than defect states.
Chapter 5 reported detailed magneto-optical characterization o f the PbS NCs 
studied in chapter 4. The absorption, PL and PL lifetime dependence on applied B 
of up to 7T at temperatures between 2 K and 50 K was provided. The intensity of 
circularly polarized absorption was field dependent though no corresponding shift in 
absorption peak is observed. Similarly, the PL peak intensity displayed a 
dependence on B with close analysis giving evidence for a small shift (-1.84 meV) 
at high fields (7 T).The PL lifetime was also found to vary with applied B which 
could support triplet state emission rather than trap state emission. Analysis o f the 
data resulted in a DCP of -33%  at 7 T (2 K) which could be fitted using a 
semiclasical expression from which the excitonic g-factor was predicted to be gex =
0.54 when alignment of the PbS-NCs with respect to B is assumed.
Chapter 6  consist a research on interaction o f the PbS NCs with the donor/acceptor 
molecule TTF/TCNQ. This work providing a necessary background study o f charge 
transfer interactions which may lead to charge induced magnetism studies. In this 
chapter modification of the PL spectra and PL lifetime was observed in the presence 
of the organic complexes mediated by charge transfer mechanisms. O f most interest 
it was demonstrated that ground state charge transfer can be achieved in these 
systems which may provide a potential route obtaining charge induced magnetism 
in doped-NC systems in the future.
The thesis is completed with the reporting o f preliminary studies o f Mn-implanted 
PbS NCs in chapter 7. Doping was attempted using ion implantation and though no 
conclusive direct evidence of Mn-incorporation was found, the PbS NCs survived 
the implantation process and showed modification of the EPR signal. Studying the 
optical properties o f the Mn-implanted revealed a significant red shift o f the PL 
peak compared to undoped PbS NCs. Generally, the temperature dependence o f the 
Mn-implanted NCs were found similar to those studied in Chapter 4 and 5. An
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initial analysis of the effect o f any spin interaction between magnetic ions within 
NCs was undertaken and, based on the fitting o f a Brillouin function to the 
difference in the temperature dependent Stoke shift between the Mn-implanted and 
undoped PbS NCs, an effective exchange field o f -81 T is predicted. We re­
emphasise that the results o f this chapter are highly preliminary and significant 
fiirther work is required in order to fully understand the results and validate the 
analysis undertaken.
As a whole the thesis has provided a comprehensive study o f the magnetic field and 
temperature dependence o f undoped PbS NCs which was previously lacking in the 
literature upon commencement o f the study. The results of chapter 4 and 6  have 
been published in the academic literature [127] and [134], respectively, whilst those 
of chapter 5 are currently in the process of being written up for submission. The 
final exploratory work presented in chapter 7 has to a degree been superseded by the 
establishment of synthetic routes to Mn-implanted PbS NCs. Nonetheless, the 
results are o f interest in their own right and may be used to inform the direction of 
future research.
8.2. Future Work
Further improvement on the understanding o f magneto-optical properties o f 
undoped and doped PbS NCs can be achieved by collecting more data at higher 
fields and as a function o f NCs size. Also, o f interest would be study other 
variables including dopant species and concentration. Though since the 
commencement others have also taken interest in this area and performed some of 
these studies, there is still plenty of scope for this further work. It would also be of 
interest to study the utilisation of doped NCs in devices where new and enhanced 
functionality may result. Specifically the following experiments would be o f 
immediate interest:
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1) Repeat the detailed work o f chapter 4 using PbS NCs o f varying diameters and 
if possible at lower temperatures. It is important to acquire more information 
regarding effect of quantum confinement to NCs properties. As the level of 
confinement is varied so will the exchange splitting of the singlet and triplet 
states which modelling o f the Stokes shift should be able to resolve. This would 
provide additional confidence assigning the emission from PbS NCs at low 
temperatures to triplet emission.
2) Improve the optical resolution and detection capability of the magneto-optical 
studies in chapter 5. The spectral resolution was limited by the relatively small 
path length o f the monochromator used and use o f a Im spectrometer would 
improve this. Additionally, the use o f a liquid N2 cooled near-IR PMT detector 
would not only improve the signal to noise ratio in the measurements but also 
enable wavelength dependent PL lifetime to be measured. Such a detector is 
now available within the group.
3) Repeating the studies undertaken in chapters 4-6 using chemically doped NCs in 
which the presence of the dopant ion could be verified should be undertaken. 
Chemical routes to such NCs are now available and a variety of samples from 
collaborators are now available for study.
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Appendix
Appendix A
Model of Temperature Dependent Stokes Shift
N
ISCISC
N
Figure Al. Three level systems used to model PL temperature dependence.
The rate equations for the populations o f levels 0, 1 and 2 are given as: 
dNo
d t
dNi
d t
dN2
d t
— — A-^Nq + A i N i  + A 2 N 2 (A1.1)
= A^No -  + AiscN2 (^1.2)
= AiscNi -  A2 N2 -  Ai,cN2 (^1.3)
Were ^ 7  = I/t; and ^ 2  = I/T2. Solving Eq. (1.1) to (1.3) for Ay and A2 in steady state 
gives:
A1A2+A2AJSC +  AiAiscNQd^'^l^sT)
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The calculated emission spectra can be obtained by solving the rate equations in 
which give arise from steady state temperature dependent population for each level 
Ni and N2 . Using these equations the predicted emission spectra can be obtained by 
weighting a sum of two Gaussians as in equation A1.6. Due to the importance of 
electron phonon interactions the temperature dependent radiative recombination 
rates, \Itx(T) were taken from a fit to the measured lifetime value given (chapter 4). 
These rates are multiplied with the temperature dependent population o f their 
respective level and used to weight the Gaussian curve, Gx(E,T) providing the 
predicted emission spectrum:
PL(E, T ) =  -  Ni(T)Gi(E, T) + -  NgCnCgCE, T)  (711.6)
G
where
and
/ E - E J T ) Ÿ
In equation A1.7 and A1.8 value of  Eg(T) is obtained using Equation 4.13(chapter 4) 
and o{T) is given by:
O' ( r )  =  FWHM ( r ) / 2  V2 ln(2) (.41,9)
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The temperature dependence FWHM is determined by using Equation 4.11 (chapter
4). Thus the only remaining variables are the crossing rate, Ajsc, and energy 
difference, S, between the two excited states. The energy at which the maximum 
value of equation A 1.6 is found gives PLmax{T), the predicted temperature 
dependence, from which the Stokes shift can be modelled using:
= E J T )  -  PL^axV)  W1.10)
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Appendix B
Varshni Fitting of Mn-Implanted PbS NCs PL
>
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Figure B .l. PL peak of Mn-implanted PbS NCs versus temperature for various dopant 
concentrations. The coloured dashed lines represents, a Varshni expression fitting for Epi{T) 
parameter.
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Table B.l; Summary of parameters from fitting the temperature dependence of the PL peak 
position using Varshni equation to Mn-implanted PbS NCs
Mn- 
implantation 
dose ions/cm^
a,
meV/K
± erro r 
a, 
meV/K
P,
(K)
± erro r
P,
(K)
E pl(O)
meV
± erro r 
E pl(O ) 
meV
-0.58 0.06 233 46 0.931 0.48
2.5e^^ -0.73 0.22 337 173 0.929 0.58
5ei' -0.57 0.07 327 74 0.928 0.58
7.5e^^ -1.33 0.40 898 349 0.932 0.66
le^^ -1.18 0.25 912 254 0.928 0.47
5e^^ -0.97 0.26 628 230 0.927 0.72
Undoped -0.90 0.26 635 271 0.911 0.01
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